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INTRODUCTION ination with antibiotics and clean-air equipment, and helped

The discovery in the early 1900s that human cells could be
propagated in vitro provided virologists with an alternative to
embryonated eggs and laboratory animals for in vitro isolation
of viruses. Cell cultures, which are derived from dispersed cells
taken from original tissue and disaggregated by enzymatic,
mechanical, or chemical means, provided large numbers of
cells suitable for virus isolation, facilitated control of contam-
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decrease the use of experimental animals (55). Viruses reach
high titers when grown within susceptible cells, and culture
tubes are convenient to manipulate.

Although virus isolation in cell cultures was employed by
research laboratories by the early 1960s, diagnostic services
were very limited, varying from laboratory to laboratory and
often not available at all, except in major medical centers.
However, by the early 1970s, diagnostic virology expanded
dramatically, largely because of the availability of highly puri-
fied reagents and commercially prepared cell lines (71). The
types of cells that can be grown in vitro in flasks and test tubes
are many, providing living hosts that many human viruses can
infect. Cell cultures are more convenient and less expensive
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than eggs and animals, are convenient to examine microscop-
ically for evidence of viral proliferation, and, for many years,
have provided a desirable environment for the detection and
identification of many human viral pathogens. Virus isolation
in cell cultures has long served as the “gold standard” for virus
detection, and it is the method to which all others have been
compared (71). However, in recent years, technological ad-
vances, ranging from the development of monoclonal antibod-
ies to the introduction of molecular diagnostics, have provided
powerful tools to use in attempting to detect the presence of
viral infections. Molecular detection of viral DNAs and RNAs
and molecular amplification by PCR and other techniques are
now becoming more widely available in diagnostic laborato-
ries. Sensitive and highly specific viral identification can be
obtained with these techniques. Molecular methods, as well as
others such as viral antigen detection, do not require the
lengthy incubation period needed for viral isolation in cell
cultures, may involve less technical expertise, and are useful for
viruses that do not proliferate in standard cell cultures.

At this point, it is provocative to ask, “Is virus isolation in
cell cultures still a useful approach in viral diagnostics?” and
“What does the future hold for this approach in the diagnostic
virology laboratory?” The purpose of this review is to present
the current status of viral detection in cell cultures, describe
developments in the field, and critically analyze situations in
viral diagnosis to indicate when viral isolation methods are
likely to yield the most desirable outcome.

VIRUS ISOLATION IN TRADITIONAL CELL CULTURES

As early as 1913 vaccinia virus (152) was grown in cell cul-
tures, and in the 1930s both smallpox virus (133) and yellow
fever virus (94) were propagated in cell cultures for the pur-
pose of vaccine production. However, it was not until the 1950s
that the interest in using cell cultures for virus isolation ex-
panded, largely due to the discovery that polioviruses would
proliferate in cell cultures that were not of neural origin (43,
134). The use of cultured cells to isolate viruses was advanced
further by the addition of antibiotics to cell culture media, the
development of chemically defined culture media, and the use
of cell-dispensing equipment for preparing replicate cultures
(142). Although, initially, flasks and tubes of cells for use in
diagnostic laboratories were prepared in the laboratory, bio-
logical supply houses soon began to mass produce various cell
strains and lines which could be purchased and delivered ready
to use. Although many diagnostic virology laboratories pur-
chase all of their cell cultures, some laboratories still prepare
cell cultures in-house.

Although cell cultures can be purchased or prepared in a
variety of containers, the 16- by 125-mm glass or plastic round-
bottom screw-cap tube is standard, with the cell monolayer
adhering from the midpoint to the bottom of one side of the
tube. Typically, several different cell lines are inoculated with
each clinical sample in an attempt to provide a suitable host for
whichever virus might be present in the sample. Cell cultures of
primary, diploid, and heteroploid cells are kept on hand in the
virology laboratory. Examples of well-known cell types that are
standard for most virology laboratories are primary rhesus
monkey kidney (RhMK) cells, primary rabbit kidney cells, hu-
man lung fibroblasts (MRC-5), human foreskin fibroblasts,
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human epidermoid carcinoma cells (HEp-2), human lung car-
cinoma cells (A549), and others. The number and types of cell
culture tubes inoculated for each clinical specimen depend on
the specimen source and the viruses suspected of causing a
given disease. The cost of cell culture tubes ranges from $1.50
to $6.50 per tube, depending on the cell line; primary cells are
more expensive than nonprimary cells (Table 1). The cost per
tube also depends on numbers of tubes purchased, shipping
specifications, etc.

The appropriate selection, collection, transport, and pro-
cessing of clinical samples are important for successful virus
isolation. Collection of samples that contain the highest titer of
virus is most desirable. Preservation of the viral titer and viral
infectivity until cell cultures can be inoculated is essential.
Body sites and collection methods vary according to the type of
infection and viral etiology. In general, clinical samples col-
lected from body sites such as skin and the genital tract, which
are usually contaminated with microbial flora, are collected
with a Dacron or polyester swab and placed in viral transport
medium (VIM), most types of which contain antibiotics, a
buffered salt solution, a proteinaceous substance (such as
albumin, gelatin, or serum), and a pH indicator. Respiratory
tract samples include sputum, bronchial alveolar lavage spec-
imens, nasopharyngeal (NP) washes, NP aspirates (NPA), NP
swabs (NPS) in VTM, oropharyngeal swabs in VIM or a com-
bination of NP and oropharyngeal swabs in a single VITM tube.
Specimens such as cerebrospinal fluid (CSF) and body fluids,
which are expected to be free of microbial contamination, are
collected in sterile containers and are not placed in transport
medium. Keeping the samples cool (2 to 8°C or on wet ice)
until cell culture inoculation helps preserve viral infectivity and
increases the virus recovery rate, particularly for labile viruses
such as respiratory syncytial virus (RSV). Information concern-
ing selecting, collecting, and transporting clinical samples for
viral culture is provided in several reference texts (52, 146).

Although specimen processing guidelines differ from labo-
ratory to laboratory, many laboratories clarify certain sample
types (e.g., respiratory samples) as follows prior to inoculation
into cell cultures. The transport medium tube is vortexed, the
swab is discarded, the liquid medium is centrifuged, and the
supernatant fluid is used to inoculate the cell cultures. Thus,
bacteria, fungi, cells, blood, mucus, fibers, etc., are pelleted
into the bottom of the spun tube, while the viruses, which will
not be spun down by the g-force generated by most general
laboratory centrifuges, remain dispersed throughout the liquid.
The sample pellet can be used for various antigen detection
assays. Extensively contaminated clinical material such as stool
may be liquefied in antibiotic-containing medium and filtered
through a 0.45-pm filter prior to inoculation into cell cultures.
Samples from sites expected to be free of microbial contami-
nation may be used for cell culture inoculation without any
treatment or processing. Suggestions for processing clinical
samples for viral culturing are available in several reference
texts (52, 146).

As with specimen collection and processing, procedures for
inoculation of cell cultures and the number and types of cell
cultures inoculated for each specimen may vary among labo-
ratories and according to specimen type, virus suspected, and
patient population. The processed inoculum may be added to
the cell culture tube, either by simply adding 0.2 ml or 0.3 ml
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TABLE 1. Cost, turnaround time, advantages, and disadvantages of various virus detection approaches

Method

Cost?/avg turnaround time

Advantages

Disadvantages

Cell cultures®
Traditional tubes

Shell vials with
centrifugation/
pre-CPE stain

Cocultivated cells

Transgenic cells
(ELVIS)

Nonculture®
Antigen detection by
IF

Antigen detection,
non-IF

Nucleic acid detection
(molecular)

$1.50-$4.00 per tube
for nonprimary cells
and $2.15-$6.15 per
tube for primary
cells; use 2 to 6 tubes
per culture/5-10 days

Same as comparable
cell culture tubes; use
at least 2 vials of
each cell line/24-48 h

Approx. $1.25 more per
vial than standard
shell vials; use 3 vials
for each culture/
24-48 h

$2.35-$3.00 more per
vial than standard
shell vials; use 2 vials
for each culture/
24-48 h

$2-$7.00 for MAbs for
each sample/40 min

$10-$22 for each
sample/30 min

$35-$125 for each
sample tested with
ASR or FDA-cleared
kits; $10-$35 for each
in-house developed
assay (may require
patent royalties)/2 h
for real-time PCR;
8 h for traditional
PCR

Isolate wide variety of viruses (including
unanticipated agents, mixed cultures);
provide isolate for additional studies:
antiviral susceptibility testing,
serotyping, and epidemiologic studies;
increased sensitivity over rapid
antigen tests

Short turnaround time for detection;
take up less space than tubes; some
available as cryopreserved cells; may
isolate viruses that replicate poorly or
not at all in standard tube cell
cultures; require less technical
expertise than tube cultures if
pre-CPE staining is used

Same as for shell vials plus decreased
need for maintaining wide variety of
cell cultures, support growth of a
wider range of viruses, most results
finalized in 2-3 days when pre-CPE
staining is used, may be more
sensitive than tube cultures for some
viruses

Same as for shell vials plus detection by
color change rather than application
of MAbs, simplify identification
because of specificity for a single
virus, can be used to type HSV-1 and
HSV-2

Generally good sensitivity (which varies
with virus detected); excellent
specificity; CMV antigenemia is more
sensitive than traditional or shell vial
cultures for CMV in blood

Generally good specificity for RSV and
influenza A and B viruses; no special
technical expertise required; results
available very rapidly; most cleared
for point-of-care testing

Excellent sensitivity and specificity;
short turnaround with real-time PCR;
useful for viruses that cannot be
cultured in traditional cell cultures

Technical expertise needed to read CPE;
long incubation period for some
viruses, need for
purchasing/maintaining a variety of
cell culture types in-house

Not as sensitive as traditional cultures
for culturing blood samples for CMV;
reading stained preparations is time-
consuming and labor-intensive;
unanticipated agents may be missed
when pre-CPE staining targets only
one or a few viruses; isolates not
available from fixed/stained vials

Same as for shell vials

Targeted for detection of only a single
virus group (HSV)

Generally not as sensitive as cell
cultures; requires expertise in reading;
not useful for all viruses; adenovirus
sensitivity especially poor

Generally poor sensitivity compared to cell
culture; currently available for RSV and
influenza A and B viruses only;
additional testing of negative samples by
cell culture is recommended

FDA-cleared kits and standardized
protocols not widely available for most
viruses; technical expertise required
in-house for developing and
standardizing methods; expensive due
to costs of instrumentation (especially
for low-vol testing); probes and
primers extremely specific (may miss
mutated virus); detects only viruses
sought (will miss unanticipated agents
and mixed infections in most cases);
many assays available at reference/
research laboratories only

“ Cost includes reagents only.

b All types of cell cultures require viable virus in order to produce a positive result. This allows these methods to differentiate viable from nonviable virus. Because
viable virus is required, specimens must be handled carefully to preserve viral infectivity.

¢ None of the nonculture methods requires viable virus in order to produce a positive result; therefore, these methods cannot differentiate viable and nonviable virus.
Because viability is not required, specimen handling is not as critical. No viral isolate is available upon completion of testing.

of the sample to each tube or by adsorption inoculation. Ad-
sorption inoculation involves decanting the cell culture me-
dium from the cell culture monolayer and applying the inocu-
lum directly to the monolayer. After a 30- to 90-min (88)
incubation of the inoculated tube in a horizontal position at 35

to 37°C, excess inoculum is discarded and fresh cell culture
medium is added (90). Adsorption inoculation is thought to
allow more efficient adsorption of viral particles to the cells
and to enhance rates of recovery of some viruses (52, 88, 146).
Inoculated cell culture tubes can be incubated in stationary
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slanted racks or, alternatively, in rotating/rolling racks at 35 to
37°C, which may enhance the speed and sensitivity of virus
recovery (102). Viral tube cultures are incubated for days to
weeks depending on the specimen source and the suspected
virus(es). Cell monolayers are screened by microscopic exam-
ination daily for the first week of incubation to maximize the
detection of viral growth and on alternate days for the remain-
der of the incubation period (88). The microscopic examina-
tion involves placing the tube on the stage of a standard light
microscope and viewing the cells through the glass wall of the
tube with the low-power (10X) objective.

The microscopic examination of the unstained cell culture
monolayer has long been the standard approach for detecting
viral proliferation. Degenerative changes in monolayer cells
provide evidence of viral presence. The spectrum of change is
broad, ranging from swelling, shrinking, and rounding of cells
to clustering, syncytium formation, and, in some cases, com-
plete destruction of the monolayer. These changes are collec-
tively called the cytopathogenic or cytopathic effect (CPE) of
the virus. The typical CPEs of several common viruses are
shown in Fig. 1. Dramatic CPE may be easily detected, but the
subtle CPE of many viruses, early CPE, or CPE that is not
typical may go unrecognized unless the observer has consider-
able expertise. Although herpes simplex virus (HSV) may pro-
duce easily visible CPE within the first 24 h of incubation, most
viruses demonstrate CPE only after 5 to 10 days of incubation,
with some, such as cytomegalovirus (CMV), averaging 10 to 30
days for CPE production (Table 2). The experienced observer
may be able to predict which virus is present based on the
characteristics of the CPE, the cell line involved, the length of
incubation, and the type of clinical specimen, but confirmatory
testing is needed to make a definitive viral identification.

An alternative approach for detecting viruses that produce
CPE slowly or not at all in primary culture of clinical specimens
is to perform a hemadsorption (HAD) test. HAD is useful only
for viruses such as influenza virus, parainfluenza virus, and
mumps virus that express their hemagglutinating proteins on
the plasma membranes of virus-infected cells. These proteins
are not visible with the light microscope but can be detected by
their affinity for erythrocytes. HAD testing is routinely per-
formed at the end of the incubation period for cell cultures
that fail to produce CPE or earlier in the incubation period, at
days 3 and 7 of incubation (105). Hemadsorbing foci have been
found in human fetal lung diploid cell cultures within 12 h after
inoculation with influenza viruses A and B (122). In HAD
testing the cell culture medium is removed and replaced with a
dilute suspension of erythrocytes, usually guinea pig erythro-
cytes, and the cell culture tubes are incubated at 4°C for 30 min
(90). Tubes are then examined microscopically. If a hemad-
sorbing virus is present, erythrocytes will adhere in clumps to
the infected areas of the cell monolayer (Fig. 2). Erythrocytes
will not adhere to uninfected cells or to cells infected by non-
hemadsorbing viruses. Nonadherent erythrocytes float free
when the cell culture tube is tapped or rotated. Although only
a few human viral pathogens produce a positive HAD result,
confirmatory testing of all HAD-positive cell cultures is re-
quired to differentiate among the hemadsorbing viruses. De-
spite the availability of alternative methods for detecting viral
presence in infected cell cultures, CPE and HAD are the most
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commonly used techniques in diagnostic virology laboratories
today.

Confirmatory testing of virus cultures positive by CPE or
HAD has traditionally been based on the reaction of antibod-
ies of known specificity with viral antigens expressed in the
infected cells. Most of this testing is accomplished at present
through immunofluorescence (IF) techniques that use fluores-
cein isothiocyanate (FITC)-labeled monoclonal antibodies
(MADs). The cells are scraped from the infected monolayer
and placed on a microscope slide. The preparation is fixed in
acetone and then flooded with FITC-labeled MAbs of known
specificity. Binding of MADs to viral proteins is signaled by the
presence of fluorescence when the preparation is viewed using
the fluorescence microscope. The type of fluorescence (e.g.,
speckled versus confluent) and the location of the fluorescence
in the cell (e.g., nuclear versus cytoplasmic) are also useful in
differentiating certain viruses. This process takes only 1 to 2 h
and overall gives a sensitive and specific viral identification.

Unfortunately, IF staining cannot be used to definitively
identify all viruses. Examples of this are the coxsackieviruses,
polioviruses, and echoviruses of the “enterovirus” group, which
are closely related and have numerous serotypes. In some
cases, these may be identified as to their family by IF. How-
ever, the MAbs for enteroviral identification have been shown
to lack sensitivity (77), cross-react with rhinoviruses (77), and
lack reactivity with enterovirus 71 (155). Identification of en-
teroviral serotypes within the families requires confirmation by
the neutralization method (132). In neutralization testing, the
virus-infected cells are incubated with antibodies of known
viral specificity; an aliquot of the mixture is then inoculated
into susceptible cell cultures, and the cell cultures are observed
for evidence of viral proliferation. CPE production indicates
that the antibodies did not bind, inactivate, or neutralize the
virus. Conversely, a lack of CPE production indicates that the
antibodies bound to the virus and inactivated or neutralized it,
allowing the identity of the virus to be established according to
the specificity of the antibody used. This is a cumbersome
procedure that requires determining the titer of the virus
prior to the start of the procedure and a lengthy incubation
after inoculation of cell culture tubes with the mixture of
antibody and virus-infected cells. Although neutralization
testing may be used in identifying all types of viruses, it is
used only when less cumbersome, more rapid methods are
not available. Neutralization testing is not routinely per-
formed in most clinical laboratories and is generally re-
served for reference laboratories.

The main advantage of the traditional cell culture approach
(Table 1) is the capacity to isolate a wide variety of viruses. At
this writing, the following familiar viral pathogens are the ones
that can be isolated in traditional tube cultures: adenovirus,
CMV, many of the enteroviruses (i.e., polioviruses, coxsackie-
viruses, and echoviruses), HSV, influenza A and B viruses,
measles virus, mumps virus, parainfluenza virus types 1 to 4,
RSV, rhinoviruses, and varicella-zoster virus (VZV). Other
viruses, such as Ebola virus, severe acute respiratory syndrome
coronavirus (SARS-CoV), and human metapneumovirus
(hMPV), also proliferate in traditional tube cultures. By inoc-
ulating clinical samples into several types of cell cultures, a
suitable environment is provided for most of these viruses.
Using a broad range of cultured cells may allow the detection
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FIG. 1. Uninfected cell cultures and cell cultures showing CPE of viruses commonly isolated. (A) Uninfected A549 cells; (B) HSV-2 in A549
cells; (C) adenovirus in A549 cells; (D) uninfected MRC-5 fibroblasts; (E) CMV in MRC-5 fibroblasts; (F) rhinovirus in MRC-5 fibroblasts;
(G) uninfected RhMK cells; (H) enterovirus in RhMk cells; (I) influenza A virus in RhMk cells; (J) uninfected HEp-2 cells; (K) RSV in HEp-2
cells; (L) monkey virus contaminant in RhMk cells. Magnification, X85.

of unanticipated agents, rather than focusing on the detection of immunocompetent patients in an average of 5 to 10% of
of only one or a few specific viruses. This approach also facil- cultures. The medical significance of this is not established, but
itates detection of more than one virus from the same sample. it has been suggested that dual infections, particularly in young
In a review of mixed viral infections, Waner (158) noted that children, may increase the severity of respiratory disease (11,
mixed infections are reported to occur in respiratory samples 54). An increased incidence of mixed infections was seen in
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TABLE 2. Cytopathogenic effect in standard cell cultures of human viral pathogens common in the United States®

Cytopathogenic effect in:

Final identification of

Virus .
Fibroblasts A549 cells” RhMK cells Other® isolates
Adenovirus Some produce clusters Grape-like clusters ~ Some produce clusters HNK: grape-like IF for group,
or “lacy” pattern; clusters; 5-7 days neutralization
5-8 days for type
CMV Foci of contiguous rounded ~ None None Use shell vials for CPE alone®
cells; 10-30 days rapid detection
Enteroviruses ~ Some produce CPE, same as Infrequent, Small, round cells with IF for groups,
in RhMK cells; 2-5 days degenerative cytoplasmic tails; neutralization
2-5 days for type
HSV Rounded large cells; 2-6 Rounded large Some produce CPE, RK or HNK: rounded IF

days

cells; 1-4 days

same as in A549

large cells; 1-4 days

Influenza virus None None
Parainfluenza None None
virus

Rhinovirus Degeneration, rounding; None
7-10 days

RSV Infrequent, granular Infrequent
degeneration

VZV Some CPE; small, round Small, round cells;

cells; 6-8 days 6-8 days

cells, 4-8 days
Undifferentiated CPE,
cellular granulation;
4-8 days
Rounded cells, some
syncytia; 4-8 days

HAD-positive with GP  IF

HAD-positive with GP  IF

None Incubate fibroblasts at ~ CPE only’ (difficult
33°C to differentiate
from
enteroviruses)
Syncytia; 4-10 days HEp-24: syncytia; 4-10  IF
days
None HNK: small, round IF

cells; 6-8 days

“ Measles, mumps, and rubella viruses are seldom encountered in the United States at present. Measles virus produces large syncytia in RhMK cells in 7 to 10 days
and is hemadsorption positive with Rh cells. Virus identification may be confirmed by IF. Mumps virus produces rounded cells with large syncytia in RhMK cells in
6 to 8 days and is hemadsorption positive with guinea pig erythrocytes, and its identification may be confirmed by IF. Rubella virus requires special cultures such as
African green monkey kidney, rabbit kidney, or BSC-1 cells and does not produce CPE; special detection by interference challenge or another method is needed.

® Human lung carcinoma.

¢ GP, guinea pig erythrocytes; HAD, hemadsorption; HNK, human neonatal kidney cells, RK, rabbit kidney cells.

4 Human laryngeal carcinoma.

¢ Some laboratories may base final identification of CMV on characteristic CPE alone. Others may inoculate shell vials and stain for CMV early antigen to confirm

the identification.

/Some laboratories may base ﬁnal identification of rhinovirus on CPE, which is similar to that of the enteroviruses but appears in fibroblast lines rather than RhMk
cells. The term “rhino-like virus” is sometimes used for reporting when the identification is based on CPE alone. Others may test for acid lability to differentiate

rhinoviruses from the enteroviruses.

immunocompromised patients, especially with latent viruses
such as HSV and CMV. Accurate detection of all viruses
present is especially important with these patients to ensure
timely treatment with proper antiviral therapy. Replication of
viruses in cell cultures also provides an isolate that can be used
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FIG. 2. Positive hemadsorption result in parainﬂuenza virus-in-
fected RhMk cells. Magnification, X 100.

for additional studies such as antiviral susceptibility testing,
serotyping, and epidemiologic evaluations. Viral proliferation
also confirms the viability of the virus and differentiates viable
from nonviable virus, a differentiation that is not made by
antigen and most nucleic acid detection methods. This infor-
mation may be important for medical decision-making, such as
in differentiating disease from latent infection (92); deciding
when to implement, discontinue, or change antiviral therapy
(93, 97); or making other decisions concerning patient man-
agement. The cell culture approach also offers increased sen-
sitivity over most rapid antigen detection methods.

However, the need for technical expertise in evaluating cell
culture monolayers microscopically, the generally long incuba-
tion period required for some viruses to produce CPE, the
inability of some viruses to proliferate in traditional cell cul-
tures, the expense involved in purchasing and maintaining cell
cultures, and the availability and constant improvement of
alternate technologies are all factors to consider when evalu-
ating the long-standing gold standard of virus isolation in cell
culture. Other advanced technologies, such as nucleic acid
amplification tests (NAATS), have been applied to speed viral
detection and decrease the level of technical expertise required
for the process of viral isolation and identification. However,
cell culture technology has also experienced innovative modi-
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fications, allowing virus isolation in cell culture to continue to
make a significant contribution in viral disease diagnosis.

NEWER CELL CULTURE FORMATS

The traditional 16- by 125-mm screw-cap cell culture tube,
which has been the standard for many years, is now only one of
several different configurations in which cell cultures are used
in viral diagnostic laboratories. A small vial, called a 1-dram
vial or a shell vial, has become popular for containment of cell
culture monolayers. In this configuration, the cell monolayer is
grown on a coverslip that resides in the bottom of the vial. The
small vials fit easily into a centrifuge for use in viral detection
assays that involve centrifugation-enhanced inoculation of the
monolayer. These assays, which facilitate rapid detection of
viruses (especially those that grow slowly in traditional tube
cultures) is described in “Centrifugation-Enhanced Inocula-
tion and Pre-CPE Detection of Viruses in Cell Cultures” be-
low. The inoculated vials take up much less space in incubators
and are not usually incubated in rotating or rolling racks, as is
done with traditional cell culture tubes. The cost of cell cul-
tures in shell vials is the same as that of cell cultures prepared
in traditional cell culture tubes (Table 1).

Cell monolayers are also available in microwell plates, some-
times called “cluster plates.” The plates feature flat-bottomed
wells. The number of wells in a cluster plate may vary, ranging
from 24 to 96, depending on the purpose for which it is used.
A 24-well configuration is very popular, but even with the
24-well configuration, the user can determine how many of the
wells will actually contain cell monolayers; anywhere between
6 and 24 wells may actually contain cells. The microwell plate
arrangement is convenient to use because the entire plate may
be positioned on the stage of the microscope for the purpose of
observing the stained cell preparations in the wells. In addition,
the microwell plate format facilitates centrifugation if desired.
Both the shell vial and cluster plate configurations have taken
on a greater role in the laboratory with the advent of the
centrifugation-enhanced inoculation and pre-CPE assays as
well as the development of transgenic and cocultivated cell
lines (see “CENTRIFUGATION-ENHANCED INOCULA-
TION AND PRE-CPE DETECTION OF VIRUSES IN
CELL CULTURES,” “VIRUS ISOLATION IN COCUL-
TURED CELLS,” and “VIRUS ISOLATION IN TRANS-
GENIC CELL LINES” below). The extensive use of cell cul-
tures contained in shell vials and microwell plates allows some
virologists to boast of “totally tubeless” virus isolation. Cross
contamination of cultures is rare but can occur when using
cluster plates (via splashing from well to well) and with shell
vials (from cap to cap) (140). Therefore, technical procedures
should be monitored and enforced to prevent carryover during
both sample inoculation and detection manipulation.

CRYOPRESERVED CELL CULTURES

Although some diagnostic laboratories continue to prepare
their own cell cultures in-house, many buy all cell cultures from
commercial sources. Multiple cell lines are kept on hand in the
virology laboratory to accommodate isolation of the common
human viral pathogens. Purchased cell cultures are routinely
shipped to the virology laboratory once or twice each week,
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with the actual transport process involving a variety of delivery
services. Regardless of the delivery service used, including “ex-
press” couriers, the cell cultures may be stressed during trans-
port by extremes in temperature; may be mishandled as they
are packed, stacked, and loaded; or may be compromised by
delays in delivery due to bad weather, holiday closures, and
many other uncontrollable circumstances. All of these factors
may contribute to suboptimal performance of the cell cultures
(74). In addition, the virology laboratory must determine in
advance how many culture tubes will be needed. If a circum-
stance such as an outbreak of a viral illness in the hospital or
community occurs, the virology laboratory may not have suf-
ficient numbers of culture tubes on hand to deal with the
increased specimen volume.

The use of cryopreserved cells may help to minimize some of
the issues involved with the in-house preparation of shell vials,
tubes, or cluster plates. Virology laboratories that prepare cell
culture material in-house could prepare cryopreserved cells, if
desired. However, many clinical virology laboratories today rely
solely on commercial vendors for all their cell culture products. In
response to the need for cryopreseved cells, Diagnostic Hybrids,
Inc. (Athens, OH) offers frozen preparations of a number of types
of cells. These are named Frozen FreshCells. The suspensions
for clinical virology applications are produced with cells at
densities suitable for making monolayers that grow to conflu-
ence within 4 days from planting. The virology laboratory
maintains these cell mixtures in the frozen state; the cells have
an extended shelf life when stored according to the manufac-
turer’s instructions. When there is a need for additional cell
cultures or for a type of cell culture that is not routinely kept
on hand in the laboratory, the frozen cell suspensions can be
thawed and aliquoted into culture tubes or shell vials. Instruc-
tions and feeding medium are provided along with the frozen
cell mixtures.

Another application of cryopreservation technology has
made the routine use and maintenance of prepared cell lines
even easier. This technology involves cryopreserved ready-to-
use cell monolayers grown in shell vials that are shipped on dry
ice and stored at —70°C (ReadyCells; Diagnostic Hybrids, Inc.).
Prior to using these cells, the desired number of frozen vials is
removed from the freezer and incubated in a 35 to 37°C water
bath for 4 min. The freeze medium is removed and replaced
with cell culture medium supplied by the manufacturer. The
clinical sample is then added. Currently, cryopreserved mono-
layers of cells that are highly susceptible to chlamydiae (McCoy
ReadyCells), HSV and CMV (Hs27 ReadyCells), and the var-
ious viral respiratory pathogens (R-Mix ReadyCells) are avail-
able. In comparison studies, these frozen monolayers per-
formed with sensitivity comparable to that of standard cell
cultures for the detection of HSV and influenza A and B
viruses (74). In addition, cryopreserved cells were shown to
have the following benefits (74): (i) they retain the same level
of sensitivity and are stable for up to 4 months when stored at
—70°C under proper storage conditions, (ii) they are always on
hand for variable volumes of test requested, (iii) the purchase
of a large number at the same time reduces interlot variations
in testing and eliminates the costs and stresses involved with
shipping, (iv) a new lot of cells can be subjected to quality
control procedures prior to being put into use, and (v) tighter
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inventory control is possible because cell cultures are used only
when needed.

CENTRIFUGATION-ENHANCED INOCULATION AND
PRE-CPE DETECTION OF VIRUSES IN
CELL CULTURES

Incubation of tube cell cultures in rotating or rolling racks
has been shown to enhance viral replication (102). HSV tube
cultures rolled at 2 rpm or 96 rpm showed CPE faster than
tube cultures incubated in stationary racks. Tube cultures
rolled at 2 rpm had a 2.4-fold increase in HSV foci over
stationary tube cultures, and those rolled at 96 rpm had a
6.8-fold increase in foci over stationary tube cultures (102).
The knowledge that movement enhances viral proliferation
may have spurred interest in investigating the use of centrifu-
gation to enhance infectivity in cell culture systems.

Originally used to enhance the isolation of Chlamydia
trachomatis, a technique featuring cell monolayers grown on
12-mm round coverslips in 1-dram shell vials was adapted for
use in virus isolation. Inoculation of a shell vial involves de-
canting the medium and placing the processed clinical sample
directly on the monolayer. The entire inoculated vial is spun in
the centrifuge at low speed (700 X g) for an hour, fresh culture
medium is then added, and the vials are incubated at 35 to
37°C for the desired time period in an upright position with the
cell monolayer covered by the cell culture medium Although
the shell vial monolayer may be examined microscopically
for CPE with the inverted microscope, detection of viral
infection is usually performed at a designated time interval,
and the detection method does not rely on CPE production
by the virus. This pre-CPE detection routinely involves
staining of the infected monolayer with horseradish peroxi-
dase (HRP)- or FITC-labeled MAbs of the desired specificity
to detect viral antigen in the infected cells. The coverslip may
be removed from the vial and stained (32), or staining may be
carried out while the coverslip remains in the vial (90). Stained
coverslips are mounted on a microscope slide. Examination
with the light (for HRP-labeled MAbs) or fluorescence (for
FITC-labeled MADbs) microscope follows. This system typically
speeds virus detection dramatically, compared with virus iso-
lation in the traditional tube cell culture system. The exact
mechanism by which centrifugation enhances the rate of viral
infectivity is not known. Although it was initially assumed that
accelerated infectivity resulted from forcing bits of virus-in-
fected material against the monolayer, it is reported that the
stressing of the monolayer cells by centrifugal force is the
important factor (75). This has been shown to increase cell
proliferation, decrease cell generation times, activate genes,
alter cell metabolism, and increase cell longevity.

The shell vial system was initially adapted for use in virology
in an attempt to speed CMYV isolation. In traditional tube cell
culture tubes, CMV is slow to produce CPE, typically requiring
10 to 30 days of incubation before CPE is detectable. This
extremely slow proliferation of CMV in cell cultures, coupled
with the increasing interest in CMV disease in the rapidly
growing population of immunocompromised patients, was the
catalyst that spurred investigation of approaches to speed
CMV detection. Gleaves and colleagues (62) used MRC-5
cells grown on coverslips in shell vials and pioneered a method
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that involved low-speed centrifugation at the time of inocula-
tion of the vials and ended, after a brief incubation period, with
detection of viral antigen in the monolayer cells by staining of
the monolayer with MADs to early CMV proteins. They re-
ported detection in 16 to 24 h of 90% of CMV-positive urine
cultures. Others further investigated the technique for CMV
detection in various types of specimens (91, 120, 129) and for
CMV quantitation in peripheral blood granulocytes (19), gen-
erally showing significantly more positive samples detected in
shell vials than in cell cultures. Sensitive and rapid CMV de-
tection in shell vials was seen in specimens from most body
sites; however, of concern was the 25% of positive blood sam-
ples detected by traditional tube culture alone (120). This
study and others have prompted investigators to suggest that if
culture alone is to be used, both shell vial and conventional
tube culture systems must be used for optimal CMV recovery
(103, 104, 120).

Centrifugation inoculation and pre-CPE detection by IF
staining were rapidly adapted for use with viruses other than
CMV. By changing the cell line grown on the coverslip and the
specificity of the MADbs used for staining, detection of other
viruses was easily facilitated. HSV (63), influenza virus (45,
130), mumps virus (56), various respiratory viruses (108, 117,
126), enteroviruses (155), adenoviruses (155), dengue virus
(136), and VZV (15, 161) have been isolated in shell vials.
Recent studies by Landry et al. (85) demonstrated the ability
to detect hMPV by day 2 postinoculation in A549, HEp-2,
and LLC-MK?2 shell vials when stained with a MAb (MAb
8510; Chemicon International, Temecula, CA) to hMPV
matrix protein.

Human diploid foreskin fibroblast cells inoculated with cen-
trifugation-enhanced inoculation, incubated overnight, and
stained with HRP-labeled MAbs against HSV type 1 (HSV-1)
and HSV-2 produced stained plaques of infected cells that
were large enough to be detected with the naked eye (168).
This method of detecting HSV-positive results was as sensitive
as that of observing for CPE for 10 days and typing by enzyme
immunoassay (EIA). The HRP staining method often yielded
results within less than 24 h of inoculation, whereas standard
isolation based on CPE required an average of 3 to 4 days after
inoculation for detection of a positive result. Centrifugation
cultures of MRC-5 and primary rabbit kidney cells stained
after 16 to 24 h of incubation with a direct IF stain or an
indirect HRP stain were compared with standard tube cell
cultures of MRC-5 and primary rabbit kidney incubated for 7
days for detection of HSV (121). The tube cell cultures had the
best isolation rate, detecting more positive samples than any of
the centrifugation culture-stain combinations. However, the
primary rabbit kidney cells stained with HRP stain were the
most sensitive combination, and the indirect HRP stain was
more sensitive than the direct IF stain for both types of the
centrifugation-enhanced cell cultures.

Through the use of centrifugation inoculation and pre-CPE
detection methods, virus isolation in cell cultures has been
accelerated and enhanced. Some advantages of this cell culture
approach include the following: (i) viruses that replicate poorly
and may require subsequent passages in tube cell cultures
before detection can be definitely identified at the end of the
initial incubation period in the shell vial, (ii) the time to pos-
itivity is shorter than that required for most traditional tube



Vou. 20, 2007

ROLE OF CELL CULTURE IN VIRUS DETECTION 57

--

FIG. 3. Immunofluorescence detection of respiratory pathogens in R-Mix cells. (A) Uninoculated R-Mix cells; (B) adenovirus; (C) influenza
A; (D) influenza B virus; (E) parainfluenza virus type 1; (F) parainfluenza virus type 2; (G) parainfluenza virus type 3; (H) RSV. Magnification,
X170. Photos courtesy of Diagnostic Hybrids, Inc.

cultures, (iii) this approach may detect viruses that would not
replicate in tube cell cultures, and (iv) the assays are relatively
easy to perform and less subjective (require less expertise than
reading for CPE).

As with other cell culture systems, the shell vial system is
effective in virus isolation only when specimens are collected,
transported, and stored properly to maintain the viability of
the viruses. Although processing and reading of shell vials are
time-consuming and labor-intensive, results for the detection
of the most common viruses are available within 24 to 48 h.
Hence, this adaptation of cell culture technology has enabled
viral isolation in cell culture to provide a timely diagnosis that
in many cases is useful for effective patient management. This
approach has been applied with cocultured cells (see “VIRUS
ISOLATION IN COCULTURED CELLS” below) and with
transgenic cell lines (see “VIRUS ISOLATION IN TRANS-
GENIC CELL LINES” below). Because centrifugation cul-
tures are routinely blind stained for a specific virus or viruses at
a designated time interval rather than evaluated for CPE, only
the viruses sought will be detected, and unanticipated viruses
will be missed.

VIRUS ISOLATION IN COCULTURED CELLS

Techniques involving combinations of different cell types
grown together as a single monolayer in a vial and the appli-
cation of various MADbs, each labeled with a different fluoro-
chrome, have been applied for the detection of several viruses
in the same vial. Culturing for the simultaneous detection of
adenovirus, CMV, and HSV in the same shell vial has been
approached using a mixture of MRC-5 and A549 cells in the
cell monolayer and staining with a cocktail of adenovirus,
CMYV, and HSV antibodies, each raised in a different species
(17). A second antibody cocktail with labeled antispecies an-
tibodies, each with a different label, was added next. Labels
included FITC, Cy3, and 7-amino-4-methylcoumarin-4-ace-
tate. Stained coverslips were examined first with an FITC filter
in place on the fluorescence microscope and then again with a

UV filter. This assay produced sensitivities of 93.8% for ade-
novirus, 88.9% for CMV, and 100% for HSV compared to
individual tube cell cultures performed in parallel (17).

Currently, several commercially produced cocultivated cell
lines are available (Diagnostic Hybrids, Inc.) for the rapid
identification of a variety of viruses. The R-Mix rapid cell
culture technique uses patented cell monolayers of mixed cells
selected for their ability to isolate a variety of viruses that cause
respiratory infections. R-Mix is comprised of A549 and mink
lung (Mv1Lu) cells and is available as ready-to-use fresh cells
in shell vials or cluster plates or as frozen cell suspensions that
can be aliquoted by the laboratory (R-Mix Frozen FreshCells)
or purchased frozen as monolayers in shell vials (R-Mix Ready-
Cells) (see “CRYOPRESERVED CELL CULTURES” above).
Three R-Mix vials are inoculated for each clinical specimen in
combination with a proprietary Refeed medium (Diagnostic
Hybrids, Inc.). The vials are then centrifuged and incubated at
37°C in 5% CO,. After 18 to 24 h of incubation, one R-Mix
monolayer is stained for the presence of viral antigens by using
a pool of fluorescein-labeled MADs directed against influenza
A virus; influenza B virus; parainfluenza virus types 1, 2, and 3;
adenovirus; and RSV (Fig. 3). If a specimen is positive, a
second R-Mix monolayer is scrapped and cell spots made. The
cell spots are then stained with individual fluorescent MAbs to
identify the infecting virus(es). The third monolayer can be
used to freeze down the isolate for use in strain typing or other
studies if desired at a later date.

If the first R-Mix monolayer is negative at 24 h, a second
R-Mix monolayer is stained with the MAb pool at 48 h. If
positive, cell spots are made from the third monolayer and the
virus(es) identified. Another option for follow-up if the 24-h
monolayer is negative is examining a second R-Mix monolayer
for CPE prior to blind staining for the respiratory viruses.
Experienced virologists can also detect the CPE of other vi-
ruses such as HSV, CMV, and enterovirus in R-Mix (94a). If
the second R-Mix monolayer is negative, the laboratory can
elect to discard the culture, including the third monolayer, at
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48 h, since the majority (approximately 98%) of viruses are
recovered within this time period (51). Alternatively, the third
R-Mix monolayer can be incubated after the 48-h period for an
additional 5-day period and screened periodically for CPE.
Slow-growing viruses, viruses of very low titer, and mixed in-
fections can be recovered (94a).

Several investigators who compared the rate of detection of
influenza A virus in R-Mix to that in tube cell culture, direct
fluorescent-antibody assay (DFA) for antigen detection, or
non-IF direct antigen testing demonstrated superior sensitivity
of R-Mix. Sensitivities of influenza A virus detection were as
follows: R-Mix, 96%; cell culture, 85%; and DFA, 67% (51)
and R-Mix, 100%; cell culture, 67%; and non-IF direct antigen
test, 66% (150). Fader (47) demonstrated that the detection of
influenza A virus by using R-Mix cells was significantly more
sensitive than detection by a rapid nonculture immunochro-
matographic antigen detection method (Binax NOW Flu A;
Binax, Portland, ME). In comparison to R-Mix, the overall
sensitivity, specificity, positive predictive value, and negative
predictive value of the Binax NOW FIuA assay were 64.9%,
98.4%, 89.3%, and 93.2%, respectively.

Comparisons of R-Mix to cell culture for detection of the
respiratory viruses have yielded some conflicting results.
Robinson et al. (134a) demonstrated equal detection sensi-
tivity for R-Mix compared to A549 and RMK shell vials for
the isolation of influenza A virus and parainfluenza virus
types 1 and 3 but a lower sensitivity for R-Mix for the detection
of both RSV (94% versus 100%) and adenovirus (88% versus
100%). Weinberg et al. (159) found R-Mix harvested at 48 h to
have sensitivities and diagnostic accuracies comparable to
those of traditional tube cultures for the isolation of influenza
A virus, influenza B virus, RSV, and parainfluenza virus types
1 to 3. However, R-Mix yielded poor results for the detection
of adenovirus. Lotikar et al. (94a) demonstrated equal sensi-
tivity for the detection of influenza A and B viruses, parain-
fluenza virus, and adenovirus and enhanced sensitivity for RSV
detection by R-Mix (63%) over cell culture (42%) when results
were compared to those obtained by DFA (98%).

Dunn et al. (42) compared the sensitivity of R-Mix, screened
only at 18 to 24 h, to those of both DFA and shell vial cultures
that were observed for CPE for up to 10 days and tested by
HAD if CPE was not detected. Respiratory viruses were iden-
tified in 152 of 711 specimens. DFA alone was positive for
37.5% of the specimens, and shell vial culture alone was pos-
itive for 20.4% of the specimens. Overall, in 18 to 24 h, R-Mix
detected 87.1% of all respiratory viruses that were DFA neg-
ative and 96.7% of samples positive by both cell culture and
DFA. The sensitivity for influenza viruses was 96.7% for R-Mix
and 70.5% for DFA. DFA was more sensitive (94%) for the
detection of RSV than R-Mix, which recovered RSV in only
27% of the DFA-positive samples. However, R-Mix detected
an additional five RSV-positive samples identified as negative
by DFA and was more sensitive than a combination of shell
vial cultures of buffalo green monkey kidney (BGMK), A549,
MRC-5, and RhMK shell vial cultures. R-Mix showed good
sensitivity compared to 10-day shell vial cultures despite the
fact that R-Mix was tested at 18 to 24 h only. Extending the
R-Mix culture to at least 48 to 72 h may have significantly
improved the overall detection rate for all viruses, including
both RSV and adenovirus. The increased sensitivity of DFA
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over R-Mix and of R-Mix over cell culture for the detection of
RSV was also demonstrated by Fong et al. (51) in testing seven
RSV DFA-positive samples; only three were detected in R-
Mix, and only one was detected in traditional cell culture. Espy
et al. (46a) compared virus isolation in R-Mix to the Binax
NOW Flu A/B (Binax, Inc.) antigen assay and a LightCycler
(Roche Diagnostics Corp., Indianapolis, IN) reverse transcrip-
tase PCR (RT-PCR) assay for the detection of influenza A
virus in 617 respiratory tract specimens. In total, 92 specimens
were positive by RT-PCR, of which 76 (83%) were confirmed
by a secondary RT-PCR; 49 specimens were positive by R-Mix,
and only 24 specimens were positive by rapid antigen testing.

A feature common to all studies was the significant improve-
ment in time to positive results when using R-Mix versus tra-
ditional tube culture methods. Barenfanger et al. (7) deter-
mined that the turnaround time for R-Mix for positive
specimens was 1.4 days, versus 5.2 days for tube cell cultures.
Fong et al. (51) showed that 95% of positive samples were
detected by 48 h in R-Mix, compared to 6 days for 98% of
samples to be positive by cell culture. The rapid detection of
respiratory viruses is essential for the prompt initiation of appro-
priate antiviral therapy, to reduce the unnecessary use of antibi-
otics, and to ensure appropriate infection control measures.

R-Mix cells have also been evaluated for the growth of
viruses that are not typically isolated in cell cultures. Gillim-
Ross et al. (57) evaluated multiple human and animal cell lines
by using a multiplex RT-PCR for the detection of SARS-CoV.
The RT-PCR assay targets (i) glyceraldehyde 3-phosphate de-
hydrogenase, as an internal control for RNA integrity and
c¢DNA production; (ii) SARS-CoV genomic RNA, for the de-
tection of input virus; and (iii) the SARS-CoV 3'-coterminal
specific subgenomic RNAs, which are indicative of virus entry
and specific for initiation of viral replication. Vero E6 cells
produced the highest titer of SARS-CoV, and this was the only
cell line that demonstrated CPE. R-Mix (Mv1Lu component),
primary RhMK cells, primary cynomolgous monkey kidney
cells, and the human cell lines HEK-293T and Huh-7 also
supported the growth of SARS-CoV, although CPE was ab-
sent.

Due to the highly pathogenic nature of SARS-CoV, most
laboratories do not want to isolate this virus in culture. To
reduce the risk of potentially growing this virus to high titers in
routine cell cultures or R-Mix, clinical laboratories can select
an alternative cocultured cell line called R-Mix Too (Diagnos-
tic Hybrids, Inc.). This cell line is comprised of Madin-Darby
canine kidney (MDCK) cells and A549 cells, both of which
have been shown to be unable to support the growth of SARS-
CoV (57) or other coronaviruses but to be very sensitive for
isolation of respiratory viruses. The performances of R-Mix
and R-Mix Too have been compared. By testing 100 nasopha-
ryngeal aspirate supernatants stored at —70°C, Eskey et al.
(44a) found that R-Mix Too shell vials were more sensitive
than R-Mix for the detection of respiratory viruses (76% ver-
sus 62%, respectively), particularly adenoviruses and influenza
B viruses. Wilkey et al. (161a) found almost comparable results
for R-Mix (detected 67/67 positive samples) and R-Mix Too
(detected 64/67 positive samples). Observations by users of
R-Mix have suggested that R-Mix cells do not always permit
efficient passage of the virus to RhMK cell lines. To address
this issue, viruses detected in both cell lines were passed to
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RhMK cell cultures (161a). R-Mix permitted the successful
propagation of 16/44 influenza viruses and 12/15 parainfluenza
viruses and adenoviruses. R-Mix Too permitted the successful
propagation of 24/44 influenza viruses and 12/15 parainfluenza
viruses and adenoviruses. In addition, the R-Mix Too cells
demonstrated enhanced propagation in 10 of the subcultured
influenza virus-positive samples, showing increased fluorescent
staining compared to R-Mix-passed RhMK cultures. No over-
all difference in fluorescent staining was observed for the para-
influenza virus- and adenovirus-positive samples passed from
R-Mix or R-Mix Too into RhMK cultures. Karchava et al.
(76b) demonstrated that the sensitivities of R-Mix and R-Mix
Too were comparable for the detection of influenza A virus (all
at day 1). However, for 2 of 13 influenza A virus-positive
cultures, the genomic copy titers in R-Mix Too were more than
1 log lower by plaque titration than those for R-Mix. The
remaining 11/13 influenza A virus-positive cultures had com-
parable genomic copy titers, i.e., within 1 log. Additional stud-
ies are necessary to accurately determine the level of propa-
gation of influenza A virus in these two cell lines. The ability to
successfully propagate respiratory viruses, in particular influ-
enza A and B viruses, from R-Mix and/or R-Mix Too into
standard cell lines is important when a sufficient virus titer is
required for susceptibility testing or strain typing, which is
needed for epidemiologic studies and vaccine strain selection.
Currently, no studies that evaluated R-Mix and R-Mix Too for
the growth of avian influenza virus strains (H5 and H9) have
been published. However, avian influenza virus has been
shown to propagate in A549 and MDCK cells, suggesting that
both R-Mix and R-Mix Too cultures should support the growth
of the avian influenza virus strains (39, 48, 165).

Setterquist and Gray (143a) compared LLC-MK2 shell vials
versus R-Mix by using three low-passage hMPV clinical iso-
lates with identical low-level inocula. RT-PCR, targeting the F
gene, was performed from the culture supernatants of each cell
line at days 3, 6, 10, and 13, and the resulting DNA band
intensities were compared over time to the intensity of the
PCR band derived from testing the initial inoculum. For two
isolates, the RT-PCR band generated from both cell lines was
generally of the same intensity as that from the inoculum on
day 3. The R-Mix band intensity increased on day 6 for both
isolates; the signal waned by day 10 and then increased again
on day 13. This is in contrast to the LLC-MK2 bands, which
increased in intensity beginning at days 10 and 13, respectively,
for two isolates. For the third isolate, weak bands were de-
tected through day 6 for both cell lines; however, by days 10
and 13, the R-Mix band disappeared while the LLC-MK2 band
increased in intensity. Although a molecular technique was
used for h(MPV detection in this study, it was shown that R-Mix
cells will support the growth of hMPV. Petrich et al. (121a)
compared hMPV detection in respiratory samples by three
methods: DFA using hMPV MAb DFA reagents (Diagnostic
Hybrids, Inc.), R-Mix culture with hMPV MAD blind staining
at 48 h, and an in-house RT-PCR assay targeting the hMPV
nucleoprotein. The sensitivities of the RT-PCR, DFA, and
R-Mix cultures for the detection of hMPV were 100%, 91.8%,
and 85.7%, respectively. Two additional studies (13a, 67a)
demonstrated that hMPV can be detected in R-Mix culture
after 24 to 48 h of incubation and subsequent IF staining with
the Diagnostic Hybrids hMPV MADb reagent.
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Yang et al. (163) compared rates of CMV recovery in
R-Mix, Mv1Lu, and MRC-5 cells when CMV TurboTreat
(Diagnostic Hybrids, Inc.) was used. TurboTreat pretreat-
ment includes Earle’s minimum essential medium with Earle’s
balanced salt solution without phenol red, 10% fetal bovine
serum, 25 mM HEPES, and 50 mg/ml gentamicin. Monolayers
of the three cell lines were plated in 48-well plates and treated
with CMV TurboTreat, either overnight or for 4 h, or left
untreated and then inoculated with a variety of frozen, previ-
ously tested CMV-positive clinical samples (respiratory, urine,
biopsy, etc.). TurboTreat enhanced detection two- to threefold
after 4 h of treatment and four- to sixfold after overnight
treatment in Mv1lLu and R-Mix cells and to a lesser extent in
MRC-5 cells. Mv1Lu cells treated overnight, treated for 4 h, or
untreated detected 23, 21, and 15 positive specimens, respec-
tively. R-Mix cells detected 19, 18, and 14 positive specimens,
respectively, and MRC-5 cells detected 16, 15, and 15 positive
specimens, respectively.

In summary, R-Mix and R-Mix Too cells provide a rapid and
sensitive method for the identification of the most common
respiratory viruses, without requiring the expertise associated
with traditional cell culture. Detection of RSV and adenovirus
may require DFA and/or supplemental cell lines to be added to
optimize recovery. In addition, other viruses such as CMV,
HSV, and enterovirus can be recovered in R-Mix, although
these cells may not be best for optimal recovery. Finally, R-Mix
and R-Mix Too, although not as sensitive as molecular-based
methods, provide a reasonable and efficient method for labo-
ratories that currently do not perform molecular testing.

Another cocultivated cell line, H & V Mix FreshCells (Di-
agnostic Hybrids, Inc.), is comprised of a mixed monolayer of
African green monkey (Cercopithecus aethiops) kidney cells
(strain CV1) and MRC-5 cells. In combination, these cells
support the detection of many viruses, in particular HSV-1,
HSV-2, and VZV (72). Specimens are inoculated into H & V
shell vials and centrifuged at 700 X g for 1 h at 24°C before
incubation at 36°C in a CO, incubator. Cultures are examined
daily for 5 days for CPE, and if CPE is detected, infected cells
are typed using HSV-1- and HSV-2- or VZV-specific MAbs
(Fig. 4). Alternatively, shell vials can be pre-CPE stained at day
2 for VZV to shorten the time to detection. The advantages of
H & V cells for VZV include more isolates detected, faster
recovery, and, for HSV, a final result in 2 days (72). Huang et
al. (72) concluded that H & V cells were as sensitive for the
detection of HSV as were shell vial cultures of primary rabbit
kidney cells and Mv1Lu cells pre-CPE stained at 2 days of
incubation. VZV CPE in H&V cells was apparent by day 3 to
4, with many large foci; MRC-5 and A-549 shell vial cultures
demonstrated fewer and smaller foci that were difficult to see
at day 5. Sensitivity for VZV detection by CPE was 100% for
H & V cells, 82% for MRC-5 cells, and 70% for A-549 cells
when atypical vesicular lesions were cultured. In addition, the
time to detection could also be reduced by pre-CPE staining
for VZV at 48 h. In the same study, Huang et al. (72) also
evaluated the sensitivity of H & V cells versus DFA, since
several previous studies have demonstrated that DFA is more
sensitive than cell culture for the detection of VZV (33, 61).
The detection of VZV CPE from 21 fresh specimens in H & V
cells was found to be at least as sensitive as antigen detection
by DFA (100% for H & V cells versus 90.5% for DFA). Based
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FIG. 4. Immunofluorescence detection of Herpesviridae family viruses in H & V cells. (A) Uninoculated H & V cells; (B) CMV; (C) VZV;
(D) HSV-1; (E) HSV-2. Magnification, X170. Photos courtesy of Diagnostic Hybrids, Inc.

on these findings, the authors concluded that since DFA is not
100% sensitive, negative samples should be backed up by cul-
ture. Of further interest, in this study 1% of the specimens
submitted for HSV testing were found to be VZV positive in
H & V cells.

The ability to detect both HSV and VZV in a single culture
system is advantageous for several reasons. The appearances of
HSV and VZV lesions are often similar, leading to inaccurate
differentiation based on clinical presentation alone. Physicians
caring for immunocompetent patients in dermatology settings
must be aware of lesions that resemble shingles but are really
HSV lesions and vice versa. Inaccurate discrimination of dis-
ease caused by HSV or VZV in immunosuppressed patients
can result in poor infection control, can compromise patient
therapy, and may result in extended hospitalization.

H & V cells are also well suited to detect other viruses.
Diagnostic Hybrids, Inc., indicates that more CMV inclusions
(Fig. 4) are detected in H & V Mix than in MRC-5 cells alone
(Diagnostic Hybrids, Inc., personal communication). Because
both cell lines in H & V Mix, when cultured singly, will support
the propagation or detection of mumps virus, it is assumed that
H & V Mix should be useful in mumps virus isolation. Like-
wise, viruses such as measles virus, rotavirus, poliovirus type 1,
simian virus 40, and some encephalitis viruses, which prolifer-
ate in CV1 cells cultured singly, and adenovirus, CMV, echo-
virus, influenza virus, poliovirus, rhinovirus, mumps virus, and
RSV, which grow in MRC-5 cells cultured singly, can be ex-
pected to grow in H & V cells.

The cocultivated cell preparations offer many advantages
over traditional individual cell lines. Their use eliminates the
need to keep a large variety of different cell lines on hand in
the virology laboratory. Since these cocultivated cells are avail-
able in various configurations, they are useful for the tech-
niques of centrifugation-enhanced inoculation and pre-CPE
detection that have been so very important in speeding virus
detection and identification. In addition, because some of
these cocultured cells are also available as cryopreserved cells,
inventory control is simplified. Lotlikar et al. (94b) compared
costs of virus isolation from 3,864 respiratory samples in R-Mix
cultures in cluster plates (tested in triplicate and held for 7
days) and in traditional tube cultures (four cell lines held for
14 days). Although R-Mix cells were more expensive than
traditional tube cultures, the overall cost savings for the
laboratory was significant (approximately $29,000), because
less technical time was required for the R-Mix cultures than
for reading, refeeding, HAD testing, and staining of tradi-
tional tube cultures. In contrast, Barenfanger et al. (7)
found that the overall cost was 11% more for R-Mix than for
traditional tube cultures. However, they concluded that the

added cost of R-Mix is offset by enhanced time to detection.
The price of cocultured cells is only somewhat higher (approx-
imately $1.25 more per vial than for nonprimary cells and $0.75
more per vial than for primary cells) than that of other cell
lines cultured singly in shell vials (Table 1).

VIRUS ISOLATION IN TRANSGENIC CELL LINES

In order to improve both the speed and accuracy of virus
detection in cell cultures, the powerful tool of transgenic tech-
nology was tapped. Transgenic technology, together with in-
creasing knowledge of the molecular pathways of virus repli-
cation, offered the possibility of using genetically modified cell
lines to improve virus growth in cell culture and to facilitate the
detection of virus-infected cells (116). Transgenic technology
has long been explored in the research arena but has been used
in the clinical virology laboratory for only the past 10 years or
so. The application of transgenic cells in cell cultures involves
the stable introduction of genetic elements into a cell such that
when a virus, and only a particular virus, enters this cell, a
virus-specific event is triggered that results in the production of
an easily measurable enzyme. This strategy provides a simple
and virus-specific detection system. The genetic elements can
be derived from viral, bacterial, and cellular sources (116) and
are called virus-inducible reporter gene segments. Variables in
transgenic technology are the viral promoter used, the cell type
transformed, and the reporter gene used. For transgenic cells
to be useful in the diagnostic laboratory, the desirable features
include a promoter that is “quiet” in uninfected cells, is suffi-
ciently up-regulated by the viral transactivator proteins, and
has a specificity that does not allow heterologous viral trans-
activating proteins to activate the promoter (116). For a trans-
genic system to work, the virus being detected must be able to
bind to the cell, enter the cell, and initiate its replicative cycle,
which does not need to go to completion but must be sufficient
to trigger the reporter gene via the viral promoter. An exten-
sive explanation of the process and progress of transgenic cell
development and applications for detecting viruses was pub-
lished previously (116).

Various attempts during the late 1980s to develop transgenic
cell lines susceptible to human immunodeficiency virus type 1
(HIV-1) met with limited success. A CD4-positive lymphoid
cell line transformed with a retrovirus vector containing an
HIV-1 long terminal repeat (LTR) promoter linked to a chlor-
amphenicol acetyltransferase gene (49) and HeLa (HT4 cells)
transformed through insertion of the CD4 gene and a lacZ
gene behind the HIV-1 LTRE promoter (31) were developed.
Unfortunately, transactivation was not specific for HIV-1; sim-
ian immunodeficiency virus and human T-cell lymphotropic
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FIG. 5. Detection of HSV-1 and HSV-2 in ELVIS cells. (A) Blue cells positive for HSV with X-Gal stain; (B) immunofluorescence of
uninoculated ELVIS cells; (C) HSV-1-positive ELVIS immunofluorescence (note nuclear pattern); (D) HSV-2-positive ELVIS immunofluores-
cence (note cytoplasmic pattern). Magnification, X170. Photos courtesy of Diagnostic Hybrids, Inc.

virus type 4 could both transactivate, although at a much lower
level than HIV-1. Although not useful for initial HIV-1 diag-
nosis, both transgenic lines were proposed as being potentially
useful in screening anti-HIV agents (49, 141).

Transgenic technology was successfully applied in the iden-
tification of a poliovirus receptor through the use of mouse L
cells transformed with a cDNA library from poliovirus-suscep-
tible HeLa cells (123). The poliovirus receptor, once identified,
was then expressed in mouse L cells (L20B), making the pre-
viously nonsusceptible mouse cells susceptible to poliovirus
infection in vitro. When these cells were tested in parallel with
human HEp-2C cells for detection of poliovirus, the transgenic
L20B cells were only slightly less sensitive than the HEp-2C
cells but had the advantage of being nonpermissive for other
enteric human picornaviruses.

A transgenic cell line that has been successfully incorporated
for routine use in diagnostic virology laboratories was designed
for sensitive and specific detection of both HSV-1 and HSV-2.
HSYV rapidly produces CPE in many types of cell cultures, and
identification/typing is typically completed by the use of stain-
ing with MAbs. HSV can be detected, often within 16 to 24 h
of inoculation, when techniques involving centrifugation-en-
hanced inoculation in shell vials and pre-CPE staining are
used. However, these types of detection are relatively labor-
intensive and may require substantial expertise on the part of
the virologist. In addition, some HSV isolates will not be de-
tectable until 48 h of incubation. To more rapidly and more
easily detect HSV, a transgenic system was developed that
would allow HSV detection within 24 h but not require signif-
icant technical expertise or expensive MAbs. The transgenic
system features the use of an HSV promoter sequence derived
from the UL39 gene, which encodes the large subunit of ribo-
nucleotide reductase. The UL39 promoter and the Escherichia
coli lacZ gene were used to stably transform a baby hamster
kidney (BHK) cell line, resulting in the BHKICP6LacZ cell
line (147). lacZ gene expression is low in uninfected cells.
Upon infection with either HSV-1 or HSV-2, the promoter is
strongly transactivated by the virion-associated transactivator
protein VP16 and other HSV transcriptional transactivators
such as ICPO (116). This activation of the lacZ gene appears to
be highly specific for HSV-1 and HSV-2 only, and expression
from this promoter occurs within hours after infection. The
activation of the UL39 promoter in turn activates the lacZ
gene, resulting in the production of B-galactosidase. Detection
of B-galactosidase is accomplished by the addition of 5-bromo-

4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal), a chromo-
genic B-galactosidase substrate that turns from colorless to
blue in the presence of B-galactosidase. HSV-infected cells are
stained blue by this reaction. (Fig. 5) This color change is easily
evaluated, and infected cells/plaques may be conveniently
counted.

In initial comparisons of BHKICP6 transgenic cell cultures
and traditional cell cultures for isolation of HSV from clinical
samples, 31 of 31 (100%) of HSV-positive samples were de-
tected by both culture systems (148). However, in 15 of the 31
positive specimens, CPE was not evident for 2 days or more in
traditional tube cell cultures; in contrast, the transgenic system
was positive in all cases by 16 to 24 h. There was one possibly
false-positive result with the transgenic system among the 64
samples that showed no CPE in the traditional tube culture
system; this sample showed one blue-stained cell. The trans-
genic system was shown to be both sensitive and specific in
comparison to tube cell cultures. In addition, the technical
expertise required for microscopic evaluation of CPE and the
expensive MAbs needed to confirm virus identity in traditional
cultures were not needed with the transgenic system. The
BHKICP6 transgenic system received clearance from the U.S.
Food and Drug Administration (FDA) and is currently mar-
keted in shell vials by Diagnostic Hybrids, Inc., under the
acronym ELVIS (for enzyme-/inked virus-inducible system).

Comparisons of the HSV ELVIS with CPE detection in
traditional tube cell cultures (89) and with shell vial cultures
either observed for the appearance of CPE (125) or tested by
pre-CPE staining with MADbs (36) have all shown ELVIS to be
both sensitive and specific. ELVIS detected HSV in 1 day in
positive cultures, 40% of which were CPE negative at the same
time interval (125), and was as sensitive as shell vial culture and
pre-CPE staining with FITC-labeled MAbs (36). ELVIS test-
ing of ocular samples showed 85 to 86% sensitivity compared
to cell culture in both retrospective and prospective assess-
ments (79). ELVIS cells have also been used for determining
neutralizing serum antibody titers to HSV (5). The blue color
of the infected ELVIS cells was evaluated by an objective
colorimetric readout that provided a value that could be com-
pared to a calibration curve.

The original ELVIS for HSV detection provided identifica-
tion of HSV but did not facilitate typing of the virus as HSV-1
or HSV-2. Because differentiation of the two HSV types was
desired by many, the original ELVIS was modified to facilitate
the differentiation and marketed as the ELVIS HSV ID/Typ-
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ing system (Diagnostic Hybrids, Inc.). In the new ELVIS, two
MAbs, one directed against HSV-1 proteins and one directed
against HSV-2 proteins, were added to the X-Gal detection
reagent. These MAbs bind with the specific HSV proteins in
the infected cells. The antibody directed against HSV-2 is
fluorescein labeled. Evaluation of results in this system begins,
as it does in the original ELVIS, with an examination of the
shell vial for the presence of blue-stained cells. Their presence
confirms that the sample is positive for HSV. The blue-stained
specimen is then examined under the fluorescence microscope
for the presence of cells with an apple-green cytoplasmic pat-
tern. If apple-green specific staining is observed, the presence
of HSV-2 is indicated (Fig. 5). Cultures with blue cells that do
not fluoresce are considered negative for HSV-2. The specific
HSV-1 MAD is unlabeled and must be identified by applying a
fluorescein labeled goat anti-mouse immunoglobulin G anti-
body to the monolayer. This secondary antibody binds to any
unlabeled HSV-1 mouse monoclonal antibodies that bound
during the initial staining step. The HSV-1 cells stain with an
apple-green nuclear pattern (Fig. 5).

This system has been shown to accurately and rapidly detect
and type HSV-1 and HSV-2 (154). A very small percentage
(i.e., less than 1%) of low-titer samples may produce blue
staining initially and negative results for specific typing of both
HSV-1 and HSV-2 in the ELVIS HSV ID/Typing system. Sub-
sequent evaluation of these samples, by repeating the ELVIS
assay and/or by PCR testing of infected cells from the ELVIS
monolayer, has shown that the original ELVIS result was cor-
rect (i.e., the samples are HSV positive). This issue with low-
titer specimens occurs with equal frequency with HSV-1- and
HSV-2-infected samples (119). Hill et al. (68a) compared the
ELVIS HSV ID/Typing system to a LightCycler PCR HSV 1,2
detection kit (Roche Applied Science, Indianapolis, IN) and
conventional shell vial by using primary rabbit kidney and
MRC-5 cells. The sensitivity, specificity, positive predictive
value, and negative predictive value for each method were as
follows: for PCR, 93%, 99%, 99%, and 96%, respectively; for
shell vial culture, 84%, 100%, 100%, and 91%, respectively;
and for ELVIS, 79%, 100%, 100%, and 89%, respectively.
Although ELVIS was less sensitive overall than PCR and shell
vial cultures, results were available in 1 day for 13% more of
the positive samples than for other shell vial cultures, which
took up to 5 days to detect many positive samples. Bankowski
et al. (5a) compared PCR and ELVIS and determined that
PCR was more sensitive than ELVIS (100% versus 89.9%), but
both methods were 100% specific for generic HSV detection.
However, PCR was more specific for HSV-1 and HSV-2 typing
(100%) than ELVIS (95.5%).

C. Ginocchio et al. (unpublished data) compared the costs of
ELVIS and traditional tube culture for 71 specimens, of which
35 were HSV positive and 36 were HSV negative. Including
cells, media, reagents, and technical time, the cost per test for
ELVIS ($10.76) was significantly less than that for traditional
tube culture ($29.86). The list price of ELVIS shell vials is
approximately $3.00 more per vial than that of nonprimary
cells and $2.25 more per vial than that of primary cells cultured
singly in shell vials (Table 1).

Although among the enterovirus group, which includes the
polioviruses, the coxsackieviruses, the echoviruses, and others,
there is much similarity in terms of structure and surface an-
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tigens, there is no single cell line that allows proliferation of all
enterovirus strains. If enterovirus was the viral suspect in a
clinical sample, multiple cell lines such as primary monkey
kidney, A-549, BGMK, human embryonic lung fibroblasts, and
other lines had to be inoculated (78). Production of detectable
CPE in most of these cell lines generally requires 5 or more
days. Although use of centrifugation-enhanced inoculation of
shell vial cultures of enterovirus-susceptible lines sped detec-
tion, use of multiple vials was required (145). She et al. (145)
found that primary monkey kidney and MRC-5 shell vials
recovered the majority of enterovirus isolates, and the addition
of BGMK and human rhabdomyosarcoma (RD) shell vials
increased the recovery rate by 13%. Primary monkey kidney
and BGMK shell vials were effective in isolating coxsackievi-
ruses, and RD and MRC-5 shell vials were useful particularly
in isolating echoviruses. CPE was found in only a single cell
line for 52.6% of the enteroviral isolates.

Several of the enteroviruses, as well as all of the types of
echovirus that can hemagglutinate human eyrthrocytes, can
bind to a particular receptor in human cells. The receptor is
human decay-accelerating factor (hDAF), which is also known
as CDS55. This is a 70-kDa glycosylphosphatidylinositol-an-
chored glycoprotein involved in the regulation of complement
activation and in cell signaling (95). Echoviruses 3, 6, 7, 11, 12,
13, 19, 21, 24, 25, 29, 30, and 33; coxsackieviruses A21, B1, B3,
and BS5; and enterovirus 70 all interact with hDAF during the
process of entry into a cell. BGMK cells, which are sensitive for
isolation of coxsackieviruses B but relatively insensitive for
echovirus detection, were transfected with hDAF to produce
BGMK-hDAF, an engineered cell line with expanded host
range and increased sensitivity in the detection of enterovi-
ruses compared to wild-type BGMK cells. When 17 enterovi-
rus-positive samples were cultured in both BGMK and
BGMK-hDAF cells, the BGMK-hDAF cells were far superior,
isolating more than double the number of enteroviruses (73).

The coculturing of the transgenic BGMK-hDAF cells with
CaCo-2, a human colon adenocarcinoma cell line, produced a
cell culture combination that was more sensitive than other cell
lines in isolating enteroviruses from 34 known-positive frozen
clinical samples. The BGMK-hDAF/CaCo-2 cultures detected
97% of the positive samples, compared to MRC-5 (76.5%),
RhMK (76.5%), CaCo-2/BGMK (85.3%), A-549/BGMK
(82.4%), and H292/RD (82.4%) cells (73). This cocultured
combination was commercially marketed as Super E-Mix (Di-
agnostic Hybrids, Inc.). Buck et al. (18) compared these Super
E-Mix cells with two RT-PCR methods and conventional cell
culture for the diagnosis of enteroviral meningitis. As ex-
pected, the detection of enterovirus in CSF was most sensitive
by the two different RT-PCR methods (93% and 88%). Al-
though the sensitivity of the Super E-Mix cells (76%) was
lower than that of RT-PCR, it was still significantly better than
that of routine cell culture (51%).

The Super E-Mix cell line has been modified to increase the
breadth of enterovirus type recovery and now contains A549
cells in place of CaCo2 cells. This new combination has re-
placed the old Super E-Mix product, which is no longer on the
market. The combination of Super BGMK and A549 cells in
Diagnostic Hybrid’s Super E-Mix potentially provides the ca-
pability to detect all known culturable enteroviruses in a single
vial. Evaluations of the capacity of Super E-Mix to isolate the
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FIG. 6. Detection of coxsackievirus B in Super E-Mix cells. (A) Unstained, uninoculated cells; (B) unstained coxsackievirus B CPE; (C and D)
immunofluorescence staining with a pan-enterovirus antibody pool of uninoculated Super E-Mix cells (C) and coxsackievirus B-infected cells (D).

Magnification, X 170. Photos courtesy of Diagnostic Hybrids, Inc.

parechoviruses have not been published. According to the
manufacturer’s procedure, each specimen is inoculated onto
triplicate Super E-Mix monolayers, centrifuged, and incubated
for up to 5 days. One shell vial is fixed and stained at 24 and
another at 72 h postinoculation, using class-specific (enterovi-
rus) antibodies for the early detection of the virus by fluores-
cence immunoassay. The third monolayer is used for confir-
matory staining, if required, and examined for 5 days for CPE.
If CPE is found on or before day 5 or if on day 5 no CPE is
found, then the monolayer is fixed, stained using fluorescence
immunoassay, and examined for fluorescence (Fig. 6).

Vestal et al. (156a) compared Super E-Mix and conventional
tube culture using MRC-5 and RhMK cells for the detection
of enterovirus in 1,650 clinical samples. Super E-Mix had a
sensitivity of 92% and specificity of 100%, compared to a
sensitivity of 63% and a specificity of 100% for tube culture.
Lotlikar et al. (94b) compared Super E-Mix, R-Mix, and rou-
tine cell culture, using RhMK, A-549, and MRC-5 cells for the
recovery of enterovirus from CSF, rectal, and respiratory sam-
ples. For all sample types the sensitivities of R-Mix and Super
E-Mix were equivalent (CSF samples, 81.3%; rectal samples,
85.3%; respiratory samples, 100%) but were significantly
higher than those for routine cell culture (CSF samples, 37.5%;
rectal samples, 41.2%; respiratory samples, 50%). The benefit
of Super E-Mix over R-Mix was a shorter time to detection; 8
of 50 positive samples were detected 1 to 5 days sooner in
Super E-Mix than in R-Mix. Additional studies by the labora-
tory of C. C. Ginocchio (unpublished data) found that the
sensitivities of traditional cell culture, R-Mix, Super E-Mix,
and a NucliSens nucleic acid sequence-based amplification
(NASBA) method (bioMérieux, Durham, NC) for enterovirus
detection in CSF were 41.9%, 76.3%, 76.3%, and 93.5%, re-
spectively. The NASBA method was the most sensitive; how-
ever, the increased sensitivity of enterovirus detection from
CSF using Super E-Mix and R-Mix, relative to isolation in
traditional tube cell culture, significantly improved the time to
diagnosis. Despite the fact that it has been clearly shown in
numerous studies that molecular methods are far superior to
culture for the detection of enterovirus in CSF (60, 112, 128,
135, 157), many laboratories currently do not have the ability
to perform such testing in-house. As molecular test methods
become more routine and available on simple platforms such
as the GeneExpert (Cepheid, Sunnyvale, CA), all laboratories
should make every effort to convert from culture-based systems
to molecular methods for the detection of viruses in CSF.
However, in the interim period, the use of enhanced cell cul-

ture systems such as Super E-Mix cells can improve both the
rate of detection and the time to detection over those with
traditional culture methods. In addition, the detection of en-
terovirus in Super E-Mix in 1 day may provide a diagnosis in a
time frame that could have an impact on patient treatment and
length of hospitalization. A 1-day turnaround time for entero-
virus detection in Super E-Mix can be comparable to the turn-
around time of laboratories that perform molecular tests in-
house only once per day, which is often the case. In these
instances samples arriving in the laboratory late in the day may
not have molecular testing performed until the next day, at
which time a Super E-Mix culture may already be positive. In
addition, enterovirus detection in Super E-Mix within 24 h
represents a significantly improved turnaround time for hospi-
tals that must refer all molecular testing to a distant reference
laboratory.

A genetically engineered human embryonic kidney 293T cell
line with a reporter gene inducible by influenza A virus has
been developed (96). An RNA polymerase I promoter/termi-
nator cassette was used to express RNA transcripts encoding
green fluorescence protein or firefly luciferase flanked by the
untranslated regions of the influenza A/WSN/33 virus nucleo-
protein segment. Reporter gene activity is expressed within 6 h
after the cells are infected with influenza A virus, and the
expressed luciferase is detected using a chemiluminescence
detection system. This system was tested by varying the quan-
tity of viral inoculum and by adding hemagglutinin-specific
antibodies or amantidine to the transgenic cells, demonstrating
that the system could be useful in identifying, quantitating,
subtyping, and determining antiviral drug susceptibility of in-
fluenza A virus (96).

The infectivities of multiple strains of influenza A virus in
the engineered 293T cells, nonengineered 293T cells, RD cells,
and Mvl1Lu cells were compared (76a). The engineered 293T
cells and RD cells were shown to be comparable to MvlLu
cells in permissiveness in the rapid detection of multiple strains
of influenza A virus and to express luciferase only when in-
fected by influenza A virus and not with a panel of other
respiratory viruses, including influenza B virus.

In addition to the rapid and sensitive detection provided by
centrifugation-enhanced pre-CPE detection of virus that is fa-
cilitated by shell vial cultures in general, transgenic cells pro-
vide the advantage of simplified and cost-effective final virus
identification. Transgenic lines produce a unique detectable
product only when infected by a particular virus. The sub-
stance is detectable by color change reactivity, rather than
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by relying on reactivity with expensive monoclonal antibod-
ies. The ELVIS HSV system can be used in laboratories that
do not offer any viral culture testing but wish to provide virus
detection of a single virus, HSV. The equipment and reagents
needed are supplied by the manufacturer, and because no
special technical expertise is needed, the system can be incor-
porated with ease into the routine of a diagnostic microbiology
laboratory.

Because infectivity is required for positivity in the transgenic
systems, this culture system, like others already described, can
differentiate infectious from noninfectious virus. This is in con-
trast to most molecular and antigen assays, which show posi-
tivity for both viable and nonviable virus. This differentiation
can be useful when trying to assess a response to antiviral
therapy and to differentiate active versus latent infection. Of
course, this benefit is accompanied by the necessity to ensure
proper specimen selection, collection, transport, and storage
that preserve viral infectivity. With transgenic cells, if any virus
other than the one sought is present, it will remain undetected.

NONCULTURE METHODS COMPARED TO VIRUS
ISOLATION IN CELL CULTURES

IF Methods

Detection of viral antigens by IF methods performed directly
on clinical samples was used as early as the 1970s. These
methods provided the virology laboratory with an approach for
virus detection that did not rely on proliferation and isolation
of the virus in cell culture. The 1980s saw the development of
a variety of high-quality MAbs directed against HSV-1, HSV-2,
and VZV and against seven common respiratory pathogens:
adenovirus; influenza A and B viruses; parainfluenza virus
types 1, 2, and 3; and RSV. Initially, the rapid methods for viral
antigen detection were based on IF staining involving a two-
step sandwich “indirect” fluorescent-antibody assay (IFA)
methodology that required 2 h or so for completion. Many of
these original two-step IF methods have evolved into one-step
direct (DFA) methods in which the primary (and only) anti-
body is labeled with a fluorescent dye. These staining protocols
require only 20 to 30 min. Compared with virus isolation in cell
cultures, the rapid IF methods for viral antigen detection gen-
erally show excellent specificity and very good sensitivity. Per-
formance characteristics will depend on the virus detected,
specimen type, age of the patient, time of sample collection
after onset of symptoms, MAb reagents, and level of expertise
of the performing laboratory (127). Overall, IF is somewhat
less sensitive (with the exception of RSV and VZV detection)
and less specific than cell culture.

HSV antigen detection by IF in all types of samples is less
sensitive than virus isolation in cell culture. Reported sensitiv-
ities range from 44% (90) to 95% (86) but can be 70 to 95%
when testing is performed by experienced technologists on
early genital or oral lesions (50). VZV antigen can also be
detected by IF techniques (29). This has been shown to be a
more sensitive method (92 to 97.5%) than traditional tube (49
to 64%) and centrifugation (59 to 79%) cultures (33, 61). The
IF method is very useful in rapidly distinguishing HSV and
VZV lesions, a determination which may be critical for pa-
tients with atypical lesions.
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Within the past decade, IF methods, called CMV antigen-
emia assays, have been applied for direct detection and quan-
tification of CMV antigens in peripheral blood leukocytes (65,
103, 104). A thorough review of CMV antigenemia methods
and clinical applications has been published previously (10).
These methods involve separation of the leukocytes from an-
ticoagulated peripheral blood, quantitation of the leukocytes
by manual or automated counting, preparation of smears of
quantitated leukocytes on microscope slides via cytocentrifu-
gation (usually 300,000 leukocytes are used), and IFA staining
of the smears with MAbs against pp65 early matrix proteins of
CMV. The assay can be completed in 3 to 4 h. The stained
smears are examined for fluorescence, and the number of
fluorescing cells is determined. Because the actual number of
leukocytes that are transferred onto the slide during centrifu-
gation is not monitored, the assay is semiquantitative rather
than quantitative. The original methods used HRP stains, but
FITC quickly replaced HRP. CMV detection in 3 to 4 h via
antigenemia assays was a major advance in dealing with detec-
tion of CMV, which can require 10 to 30 days to produce CPE
in traditional tube cell cultures (65, 103, 104). An added ad-
vantage is the semiquantitative numerical value (number of
fluorescent cells per number of leukocytes per slide) obtained.
The significance of the number of fluorescent cells varies, de-
pending on the nature of the patient’s immunosuppression.
Numerical CMV antigenemia values are useful in confirming
infection, suggesting prognosis, and determining response to
therapy (151). CMV antigenemia assays, the reagents for
which are commercially available from several sources, have
been shown to be specific and more sensitive than CMV iso-
lation in conventional or shell vial cell cultures (16, 44, 149).
However, the antigenemia assay is particularly labor-intensive
and time-consuming, especially when large numbers of sam-
ples are tested. Other disadvantages of the assay include the
high level of technical expertise required to read the slides,
difficulties encountered in testing patients who are neutro-
penic, and the need to process cells within 24 h after collection
due to poor stability of the antigens in blood specimens. Al-
ternatively, molecular-based CMV assays have been developed
both for detection of CMV disease and for monitoring re-
sponses to antiviral therapy (21). PCR and hybrid capture
assays (Digene, Gaithersburg, MD) provide either quantitative
or qualitative results. In contrast, the NucliSens pp67 NASBA
assay (bioMérieux, Durham, NC) detects pp67 mRNA which is
present only after a round of viral replication. Similar to the
case for culture-based assays, this qualitative assay can there-
fore differentiate between active and latent infection, and the
assay has been shown to be a better predictor than PCR of
active CMV central nervous system (CNS) disease in AIDS
patients (58, 167).

Although most of the respiratory viruses produce CPE in
traditional cell cultures, some do so slowly or produce little if
any CPE. Therefore, the rapid detection of respiratory virus
antigens (adenovirus; influenza A virus; influenza B virus;
parainfluenza virus types 1, 2, and 3; and RSV) by IF has
received considerable attention and has been shown to be very
helpful in identifying this group of viruses. This is especially
true with samples from pediatric patients, who shed virus
longer and in higher titer than adults. Sensitivity for RSV
detection by IF compared to conventional cell culture is higher
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than that for detection of any of the respiratory viruses, rang-
ing from 84% (68) to 93% (115) to 99% (84). Two studies
comparing RSV detection by DFA and by rapid cell culture
showed DFA to be more sensitive than cell culture (42, 51).
The excellent sensitivity of RSV IF compared to viral culture is
mainly due to the lability of the virus. RSV is quickly inacti-
vated in samples that are not kept refrigerated and are not
inoculated into cell culture within a short time after specimen
collection.

The reported sensitivities of IF testing for the other respi-
ratory viruses compared to virus isolation in cell culture are
lower that those reported for RSV and vary considerably from
report to report. Representatives sensitivities are as follows:
for influenza A virus, 62% (68, 90), 83% (84), 99% (66), and
100% (30); for influenza B virus, 66% (30), 83% (84), and 87%
(90); and for parainfluenza virus (types 1 to 3), 63 to 72% (90)
and 95% (84). The sensitivity of adenovirus antigen detection
by IF compared to virus isolation in cell culture has been
shown to be much lower than that for the other respiratory
viruses, with reported sensitivities ranging from 0% (when
none of the adenovirus-positive samples were detected by IF)
(68) to 51% (90) and 58% (84).

MADbs to hMPYV are now available for use in direct testing of
respiratory sample cell pellets (Chemicon, Temecula, CA, and
Diagnostic Hybrids, Inc.) or for the detection of hMPV in
R-Mix and R-Mix Too cultures. Performance of the Diagnostic
Hybrids, Inc., MAbs is discussed in “Virus Isolation in Cocul-
tured Cells” above. Landry et al. (85) evaluated the Chemicon
hMPV MABbs, developed by the Centers for Disease Control
and Prevention (CDC), for direct specimen testing and for
culture identification from LLC-MK2, A549, and HEp-2 shell
vials. They found that hMPV was detected with equal efficiency
in all three types of shell vials and that hMPV staining was
optimal at 2 days postinoculation. However, direct staining of
clinical specimens was not successful due to nonspecific back-
ground staining that made the reading of slides tedious and
interpretation difficult.

IF screening for the seven respiratory viruses (adenovirus;
influenza A and B viruses; parainfluenza virus types 1, 2, and 3;
and RSV) simultaneously with pooled MAbs is now common.
A positive result of apple-green fluorescence indicates that
antigens of one or more of the seven viruses have been de-
tected. For experienced virologists, the degree, cellular local-
ization, and pattern of fluorescence are excellent indicators as
to which respiratory virus may be present. Further testing with
MAbs specific for the suspected virus(es) is necessary for con-
firmation. Overall sensitivity of pooled respiratory viral antigen
screening has been reported as 81% (90, 166).

Although MAD pools detect multiple viral antigens simulta-
neously, the additional testing required to determine which
one of the viral targets was detected slows the process of viral
identification. Through the use of different fluorescent dyes
used to label MAbs in pooled mixtures, it has become possible
to detect and differentiate viral antigens simultaneously. This
differentiation is currently limited to making only two differ-
entiations at the same time, but this speeds antigen detection.
Currently, several of these mixtures are marketed commer-
cially (Light Diagnostics SimulFluor reagents; Chemicon In-
ternational, Temecula, CA). The reagents are cleared by the
FDA for direct specimen testing and for culture confirmation.
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Two fluorochromes with overlapping spectra are used to label
the antibodies. When visualized with an FITC filter set on the
fluorescence microscope, one antibody will fluoresce apple-
green and the second will appear gold or golden orange. The
following dual-labeled mixtures are available currently: CMV
and adenovirus; HSV and VZV; HSV-1 and HSV-2; influenza
A virus and influenza B virus; parainfluenza virus types 1, 2,
and 3 and adenovirus; parainfluenza virus types 1 and 2 and
parainfluenza virus type 3; RSV and influenza A virus; RSV
and parainfluenza virus type 3; and a respiratory screen re-
agent in which RSV appears golden and the other six respira-
tory viruses appear green. These antibody mixtures have shown
excellent sensitivity and specificity, comparable to that with
individual stains (29, 84).

IF staining has been described as “a demanding technique
available only in advanced laboratories” and as “rarely avail-
able at community hospitals” (153). The lack of the technical
expertise required for interpretation of IF test results prevents
many laboratories from offering this testing. This can be a
significant problem during evening, overnight, and weekend
shifts when technologists are busy staffing high-volume areas of
the laboratory. It is difficult to justify dedicating a skilled tech-
nologist to rapid viral antigen testing by IF, despite the good
sensitivity provided by this approach, when the demand for
testing is unpredictable and the technologist is needed in other
areas of the laboratory. In addition to the skill required of the
technologist, limitations of viral antigen IF testing include the
following: poor sensitivity of some assays (e.g., adenovirus an-
tigen), lack of availability of IF reagents for direct specimen
testing for some viruses, and the inability of the assays to
differentiate infectious from noninfectious virus. Regardless of
the reported ranges of sensitivity and specificity of the IF
methods for direct viral antigen detection, culture confirma-
tion for samples with negative IF results is recommended by
investigators (refer to studies described above) and by reagent
manufacturers (Trinity Biotech, Wicklow, Ireland, for Bartels
Viral Respiratory Screening and Identification Kit [package
insert 10/03] and Chemicon International, Temecula, CA, for
Light Diagnostics HSV DFA [package insert 6/2001]), since
these methods may yield falsely negative results. Despite these
limitations, IF remains the most sensitive, compared to virus
isolation in cell culture, of the rapid nonculture, nonmolecular
tests. IF testing is available for direct detection of a wider
range of viral antigens (e.g., HSV, VZV, seven respiratory
viruses, etc) than the rapid membrane EIAs, which are avail-
able for only influenza A and B viruses and RSV. The advan-
tages and disadvantages of IF testing are listed in Table 1.

The cost of labor for IF testing is difficult to estimate, but
reagent costs are relatively low, at $2 to $7 for each MAD used.
Barenfanger et al. (6) assessed the benefits of rapid reporting
of respiratory viruses by comparing patients whose samples
were processed using standard techniques such as antigen
ElAs, shell vial assays, and tube cell culture assays (year 1
group) to patients whose samples were processed with the
same standard techniques in addition to IF for RSV; influenza
A and B viruses; parainfluenza virus types 1, 2, 3; and adeno-
virus directly on cytocentrifuged samples (year 2 group). IF
results were available within hours. The specificity of the cy-
tospin IF for all viruses was 100%. The IF sensitivities for
influenza A virus and RSV were 90 and 98%, respectively, but
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the sensitivities for influenza B virus and adenovirus were
unacceptable (14.3 and 0%, respectively). The mean turn-
around time for detection of all positive viruses was 4.5 days
for the year 1 group and 0.9 day for the year 2 group (P =
0.001). The mean length of hospitalization for patients with
respiratory viral isolates was 10.6 days for the year 1 group
versus 5.3 days for the year 2 group. Mean variable costs for
these patients were $7,893 in the year 1 group and $2,177 in the
year 2 group. After subtracting reagent costs and technological
time, the savings in variable costs was $144,332/year. The cy-
tospin IF markedly decreased turnaround time, resulted in
physicians having access to information sooner, and was asso-
ciated with decreased mortality, length of stay, and costs and
with better antibiotic stewardship.

Non-IF Methods

Although IF continues to be a mainstay for viral antigen
detection, new methods have evolved. Beginning in the late
1980s, a wide variety of technologies, including membrane-
based EIAs in cassette format and optical immunoassays
(OIAs) (Thermo Electron Corp. [formerly Thermo BioStar],
Boulder, CO), have been introduced for rapid and less tech-
nically demanding viral antigen detection. OIAs feature a mir-
ror-like silicon wafer coated with an optical molecular thin film
and antiviral antibodies and involve steps in testing that are
similar to those of a membrane EIA. However, a positive OIA
result, which is binding of antibody, antigen, and detecting
antibody, produces mass enhancement on the optical surface
of the silicon wafer, resulting in a purple color. Immunochro-
matographic/lateral-flow systems, which involve the migration
of viral antigen and antibodies along a test strip, have also been
introduced for viral antigen detection. Numerous products, in
a variety of formats and from multiple vendors, are currently
available. Some of the newer assays detect and differentiate
more than one virus (e.g., influenza A and influenza B viruses),
and some contain an internal control to monitor the perfor-
mance of both the assay and the user. Many of the lateral-flow
assays have been granted waived status according to the Clin-
ical Laboratory Improvement Act guidelines, which facilitates
performance in physicians’ offices and clinics. FDA-cleared
non-IF rapid antigen tests are available for the following cul-
turable viruses: influenza A virus, influenza B virus, and RSV.
FDA-cleared non-IF rapid antigen testing is not commercially
available for detection of adenovirus, HSV, the parainfluenza
viruses, VZV, or CMV. The rapid assays cost $10 to $22 per
test and generally require 15 to 30 min to perform. External
controls used to monitor kit performance and detect lot-to-lot
variations must be purchased as well. Total costs are higher
than those for IF methods or for cell cultures (Table 1).

Although all of these techniques speed the turnaround time
for results and simplify the technical component to allow rapid
detection of RSV, influenza A virus, and influenza B virus,
sensitivities compared to virus isolation in cell culture tend to
be low (Table 3). It has been shown that at least 100,000 viral
particles must be present for the OIA rapid antigen systems to
yield a positive result, and other non-IF antigen systems may
require as many as 1,000,000 viral particles; this is in contrast
to viral culture, which may require as few as 10 infectious virus
particles for successful virus isolation (150). Similar to the IF

CLIN. MICROBIOL. REV.

methods, the performance characteristics of the non-IF anti-
gen tests depends on the virus detected, specimen type, age of
the patient, time of sample collection after onset of symptoms,
and level of expertise of testing personnel.

For the non-IF RSV antigen detection methods, as with IF
methods for RSV antigen, the sensitivity of antigen detection
compared to cell culture is higher than that of similar tests that
detect influenza virus antigens (Table 3). In general, the spec-
ificities (compared to virus isolation in cell culture) reported
for rapid non-IF assays for RSV and influenza virus antigen
detection tend to be high (Table 3), and the predictive value of
a positive result is high, especially during respiratory virus
season (162). However, some report a lack of sensitivity and
specificity for influenza B virus detection (25, 30, 83) in these
antigen detection systems, while others (23, 24) found that the
sensitivity of influenza B virus detection was equivalent to that
of influenza A virus detection.

The substantial variations in the findings of studies (Table
3) may reflect, in part, the many variables involved in the
study designs, and laboratories must critically examine the
results in consideration of the parameters that affect test
results. The type of specimen tested can be important. For
example, Ahluwalia et al. (1) compared RSV recovery from
paired NPA and NPS samples collected from hospitalized in-
fants. RSV was recovered in cell culture more often from NPA
specimens (72%) then from NPS specimens (47%) and was
detected equally by IF in NPA specimens and NPS specimens.
However, the number of fluorescing cells was greater for NPA
specimens. The composition of the patient population is also
significant. Upper respiratory tract secretions from adults con-
tain smaller amounts of virus than those from children. Landry
et al. (82) determined that cytospin-enhanced DFA detected
92.5% and a rapid antigen detection membrane EIA detected
75.5% of all positive influenza A virus samples collected from
both adults and children. All positive NPA specimens from
children were detected with both assays; this is in contrast to
the results found with specimens from adults, in which 89.9%
of the positives were detected by DFA and only 66% by EIA.
The level and type of virus circulating in the particular season,
skill of testing personnel, and format of the reference cell
culture method (rapid culture versus conventional tube cul-
ture) are additional factors that must also be considered before
these nonculture, non-IF assays—or any assay—are imple-
mented in clinical testing. The sensitivity and specificity ob-
tained with the rapid antigen tests when used in the routine
diagnostic virology laboratory are often lower than those stated
by the manufacturer and lower than those reported in studies
that were conducted under tightly controlled circumstances
targeting a particular group of patients (109).

Although the need for technical expertise is advertised as
being minimal for performance of these non-IF rapid tests,
testing that is carried out by technicians or other personnel
who are less experienced with test kits, especially in reading
results that are weakly positive, yields lower sensitivity and
specificity relative to cell culture; this finding is unexpected in
view of the touted simplicity of some assays (113). There are a
number of concerns for FDA-cleared Clinical Laboratory Im-
provement Act-waived testing that is performed outside the
laboratory at point-of-care or “near-patient” waived sites in
physicians’ offices and clinics. Mackie et al. (99) found that 16
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TABLE 3. Rapid nonculture, non-IF methods for RSV or influenza A and B virus antigen detection: comparison to cell culture,

2000 to 2005-2006

Sensitivity

Specificity

PPV

Virus Manufacturer/test name/principle/time (min) (%)" (%)° (%) NPV (%)®  Reference
Influenza virus ~ Becton Dickinson (Sparks, MD)/Directigen Flu A and B/EIA, 44 100 91 97 23
membrane-based cassette; viral antigen in specimen is 72 98 89 95 25
bound nonspecifically on membrane, labeled antiviral 93 95 83 98 30
antibodies bind to bound antigens and produce color change 55 100 100 92 41
when substrate is added; detects and differentiates influenza 56 100 100 54 83
A and B virus antigens; multistep procedure/15-20 86 94 89 92 139
56 98 93 85 160
Binax (Portland, ME)/Binax NOW Flu A and B/lateral flow; 62 96 NA® NA 37
one-step application of specimen to test strips; as specimen 65 98 89 93 47
migrates, viral antigens in specimen are bound by 53 93 94 52 83
membrane-bound, conjugated (with colored particles) 76 94 93 81 160
antiviral antibodies; antigen-conjugate complexes are
captured by immobilized anti-influenza virus antibody,
forming a colored line; detects and differentiates influenza A
and B virus antigens; 1-step procedure/15
Biostar (Thermo Electron Corp. [formerly Thermo BioStar, 55 74 73 56 12
Inc.], Boulder, CO)/BioStar Flu AB OIA/OIA; viral 48 97 NA NA 69
antibody on silicon wafer binds viral antigen in specimen; 93 82 84 92 137
enzyme-labeled antiviral antibodies bind to bound antigen, 64 95 NA NA 143
producing optical changes in thickness and color change
when substrate is added; detects and differentiates influenza
A and B virus antigens; multistep procedure/15-20
Quidel (San Diego, CA)/QuickVue Flu A and B/lateral flow; 70 98 85 95 25
extraction of influenza virus antigens, then application of 77 98 74 98 124
specimen to test strip; antiviral antibodies on test strip 95 76 81 93 137
capture viral antigen in sample, causing a colored band to 91 86 78 95 139
form; detects influenza A and B viruses (does not
differentiate); 2 steps/10
Remel (Lenexa, KS)/Xpect Flu A and B/lateral flow; dilute 94 100 100 98 24
specimen, apply to strip; labeled (with colored particles)
antiviral antibodies on strip bind viral antigen in sample and
produce colored band; detects and differentiates influenza A
and B virus antigens; 2 steps/15-20
ZymeTx (Oklahoma City, OK)/ZstatFlu/viral neuraminidase 65 83 NA NA 76
acts on chromogenic substrate to produce colored 70 92 76 90 113
precipitate; detects influenza A and B viruses (does not 72 83 80 75 137
differentiate)/5 “hands on,” 30 total
RSV Becton Dickinson/Directigen EZ RSV/lateral flow 59 98 93 88 115
Becton Dickinson/Directigen RSV/EIA 77 96 88 92 115
86 93 95 91 131
Binax/NOW RSV/lateral flow 89 100 100 95 3
74 100 100 90 14
87 94 80 92 99
89 100 100 95 115
Biostar/RSV OIA/OIA 88 99.6 99 95 2
Remel/Xpect RSV/lateral flow 75 98 95 90 14

¢ Sensitivity and specificity compared to virus isolation in cell culture.

> NPV, predictive value of a negative result; PPV, predictive value of a positive result.
¢ NA, not available.

4 See corresponding influenza virus test for method, etc.

of 27 discordant observations reported by point-of-care staff
performing Binax NOW testing (Binax, Portland, ME) were
reversed when testing was repeated on the same sample by
laboratory staff. The authors concluded that a potential disad-

vantage of the “simple” tests is that less emphasis is placed on
training and fewer restrictions are placed on the number of
health care workers allowed to carry out testing. It is likely that
test sensitivity and specificity suffer if those who perform
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waived testing are not properly trained and provided with
adequate oversight. These issues and others involved with
waived testing have been reviewed (28) and should be consid-
ered if results of waived-status viral antigen tests performed
outside the laboratory are to be used in patient management.

Because the specificity of these systems is usually high during
respiratory virus season when virus has been documented in
the community by virus isolation in cell culture, positive results
should be considered true positives; however, negative results
should be confirmed by IF testing, culture, or another second-
ary test (3, 69). Investigators also caution users that the non-IF
rapid tests, when used for screening purposes in large popula-
tions, may miss infected patients and are not the most reliable
laboratory tests for influenza virus detection (23). In addition,
during “off” seasons, i.e., when influenza virus and RSV are
not documented to be prevalent in the population, the predic-
tive value of a positive result decreases. Because the non-IF
viral antigen detection methods are available for the detection
of only RSV and influenza A and B viruses, in a setting where
the target virus may be other than these three, IF and/or virus
isolation in cell culture is the logical alternative, particularly
for laboratories that do not perform molecular testing. In ad-
dition, a positive rapid non-IF test does not eliminate the
possibility that patients may be coinfected with another virus
that may be contributing to their symptoms (24). This is of
particular significance when testing persons with impaired im-
mune function and children with severe respiratory illness (11,
54). Therefore, if dual infections are of interest, virus isolation
used as an adjunct to the rapid test may yield the desired
information.

In summary, the pairing of rapid antigen testing and virus
isolation in cell culture is useful in many ways, including for the
continuous monitoring of the quality of the rapid antigen test,
to increase sensitivity of virus detection, to obtain viral isolates
for further testing, and to detect viruses other than the few
types that are targeted by the rapid non-IF antigen methods
(109). Many investigators conclude that the rapid non-IF
methods may be useful in screening but should not be used
without backup with cell culture for negative samples and as an
adjunct for testing samples from patients with potentially
mixed infections (3, 23, 69, 162).

Molecular Methods

Since the early 2000s, detection of viruses in clinical samples
through the use of molecular methods has become more widely
available. The recent literature on NAAT applications in viral
diagnostics is far too extensive to be effectively reviewed here,
but the comparisons to virus detection in cell culture or by IF
and/or non-IF antigen methods are invariably made with each
study, many of which have been discussed in previous sections.
Excellent reviews and texts describing molecular technologies,
instrumentation, applications, and comparisons to more tradi-
tional test methods such as viral culture have been published
previously (20, 34, 38, 40, 46, 67, 98, 100, 110, 111, 156).
Readers should refer to these articles and texts for specific
details and references.

Viruses can be detected directly in clinical samples and in
cell culture supernatants by using highly specific nucleic acid
probes that are complementary to the target viral RNA or
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DNA sequences or using by NAATs. NAATs allow for the
detection of viral pathogens before viral antigens are present in
sufficient quantities to be detected and do not require viable
virus. In addition, nucleic acids are easily purified and sepa-
rated from antibodies, which is not always the case for viral
antigens, whose detection may be inhibited by antigen/anti-
body complexes (164). Although virus growth in cell culture
has been referred to as “nature’s PCR,” this amplification is
slow compared to the rapid amplification by NAATS, which
require only a few hours in order to logarithmically increase
the amount of viral nucleic acid. Many amplification technol-
ogies have been used to detect viruses in clinical samples,
including PCR, RT-PCR, NASBA, strand displacement ampli-
fication, and transcription-mediated amplification. In more
traditional methods, amplification is performed first and is
then followed by amplicon detection using gel electrophoresis,
colorimetric methods such as EIA, or electrochemilumines-
cence-based formats. Alternatively, applications may be “real
time,” where amplification and detection are performed simul-
taneously and detection of the target nucleic acid is monitored
continuously using fluorescent probes such as molecular bea-
cons, TagMan probes, or fluorescent resonance energy trans-
fer probes.

NAATSs have been applied widely in research applications
for almost all known viruses and with expanding applications
for clinical diagnostics. The thrust towards clinical molecular
virology was greatly affected by the development of applica-
tions involving viruses that do not proliferate in standard cell
cultures (e.g., HIV-1; hepatitis C virus [HCV]; HBV; parvovi-
rus B-19; human herpesviruses 6 [HHV-6], 7, and 8; Epstein-
Barr virus [EBV]; human papillomavirus; BK virus; and JC
virus). Quantitative NAATSs have provided medically useful
tools in assessing patient prognosis, treatment response, and
antiviral resistance, especially for CMV (22), HIV-1 (35), HCV
(53), HBV (106), and other retroviruses and hepatitis viruses
that are not isolated in standard cell cultures. In addition, the
high sensitivity of molecular assays and the poor performance
of culture-based methods for testing CSF have made molecular
testing essential for the diagnosis of viral CNS disease (60, 70,
80, 138).

Overall, well-developed NAATS demonstrate superior ana-
lytical and clinical sensitivity over cell culture and IF and
non-IF antigen methods and better specificity than IF and
non-IF antigen methods. However, the performance of molec-
ular assays can vary significantly due to nucleic acid extraction
methods, primer and probe design, amplification and detection
technologies, instrumentation, and technical expertise. All
these factors must be considered in assay selection. Thorough
assay verification studies should be performed prior to clinical
testing, and ongoing competency and assay validation proto-
cols must be established. As with culture techniques, NAAT
performance is subject to variability related to specimen types,
timing of specimen collection and handling, and the nature of
the virus itself.

The impact of NAAT results on viral disease diagnosis varies
with the virus in question and according to the clinical situa-
tion. NAAT results will always be key in decision-making when
the NAAT (i) is the only approach available (i.e., for noncul-
turable viruses such as HCV or for viruses such as SARS-CoV
or variola virus that laboratories do not want to grow in cul-
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ture), (ii) is the most sensitive detection method (i.e., for cer-
tain sample types such as CSF, from which the isolation of
HSV, VZV, and enterovirus [60, 70, 80, 138] is known to be
suboptimal), (iii) can provide quantitative results (i.e., for
HIV, HCV, BK virus, and EBV), and (iv) provides a result in
a time frame that can affect patient management.

However, the use of NAATS in other situations may not be
as important or useful in patient management. Lanciotti et al.
(81) demonstrated that due to the transient nature of the
viremic stage of arboviral infections and the often low levels of
virus in the CSF and serum, molecular methods are more
sensitive than cell culture, and a positive result with a NAAT is
diagnostic. However, up to 55% of CSF samples and only
approximately 10% of serum samples were positive by NAAT
in patients with serologically confirmed cases of West Nile
virus infection. Therefore, a negative NAAT result does not
preclude the possibility of an arboviral infection, and serology
remains the gold standard for diagnosis and/or confirmation.

Oosterheert et al. (118) tested lower respiratory tract sam-
ples by real-time PCR for common respiratory viruses (influ-
enza A and B viruses, RSV, parainfluenza virus types 1 to 4,
adenoviruses, coronavirusese OC43 and 229E, and rhinovi-
ruses), Mycoplasma pneumoniae, Chlamydia pneumoniae, and
Legionella pneumophila, but the PCR results were made avail-
able within 48 h only to the attending clinicians of patients in
an intervention group. The main findings of this study were
that real-time PCR significantly increased the diagnostic yield
compared with conventional diagnostic tests alone but did not
reduce antibiotic use, duration of hospital stay, or treatment
costs. Treatment cost were much higher in the intervention
group, and the reporting of real-time PCR results led to partial
or total cessation of antibiotic therapy for only 11% of the 55
patients in the intervention group. Part of the reason that
therapy did not change in cases in which a viral pathogen was
identified by real-time PCR was that clinicians were hesitant to
discontinue antibiotic therapy because of the concern about
coinfection with bacterial pathogens. The increases in costs
were directly related to the additional costs of the NAAT
testing. The argument is made that NAAT results must be
made available within 24 h if they are to have more influence
on early therapeutic decisions (107). However, Oosterheert et
al. (118) concluded that clinicians are hesitant to discontinue
antibiotic therapy based on a virus-positive PCR result because
they are waiting for bacterial culture results, which are avail-
able later than the PCR results; therefore, it is doubtful that
more rapid reporting of PCR results will lead to improved
cost-effectiveness. This may change over time as clinicians be-
come more familiar with evaluating the significance and clini-
cal implication of these more rapid test results.

NAATS that must be “batched” or run infrequently due to
cost concerns may not be especially useful in patient manage-
ment and may hold little advantage over cell culture, especially
in view of the rapid cultures that can yield a result within 24 h.
Laboratories that are unable to perform NAATS in-house gen-
erally refer specimens to regional or national reference labo-
ratories. While specimen transport is much improved over the
3- to 5-day transport period often required in the past, the
transportation issue remains significant if a result is desired
within 24 h. Usually, specimens are picked up at the referring
laboratory by a courier at a designated time each day and
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transported either directly to the reference laboratory or to the
airport where the sample will be flown to more distant refer-
ence laboratories. If the sample is picked up on schedule and
transported directly to the reference laboratory, NAAT testing
begins in the morning of the following day. If testing is by
real-time PCR, it is possible that the NAAT result will be
available and transmitted to the referring laboratory within
24 h of specimen collection. However, if the specimen arrives
at the referring laboratory after the courier from the reference
laboratory has completed the daily pickup, the specimen will
remain at the referring laboratory for another day, until the
courier’s next pickup time. This adds 24 h to the turnaround
time. The subsequent shipping time and the additional wait for
initiation of NAAT testing at the reference laboratory on the
following morning yields results no sooner than 48 h after
specimen collection. If traditional PCR rather than real-time
PCR is used at the reference laboratory, the actual testing
period may extend to 8 h or even overnight, further delaying
results. In such cases, it is likely that results of rapid (24 to
48 h) cell cultures performed in-house would be available be-
fore the NAAT result, and it is likely that the cell culture result
would be the one that would be used in making decisions on
patient management.

An advantage of cell culture is that it provides an approach
for detecting a variety of viruses that might be present in a
clinical sample. This is in contrast to most NAATs, which
generally target only one or a few viruses; any other viruses in
the sample will remain undetected unless multiple NAATS are
performed. Likewise, if a positive NAAT result is obtained for
one virus, this does not rule out that a second virus is present.
However, more real-time and traditional NAATS are becom-
ing available that offer multiplexing capabilities where numer-
ous primer and probe combinations are present that allow the
detection of a variety of viruses from a single amplification
reaction (e.g., the Herpes Generic Consensus kit [Argene Bio-
soft, Varilhes, France], which detects HSV-1, HSV-2, CMV,
EBV, HHV-6, and VZV, and the ProFlu-1 assay [Prodesse,
Waukesha, WIJ, which detects influenza A virus, influenza B
virus, and RSV). Newer detection technologies using arrays
and bead detection formats (e.g., that from Luminex Technol-
ogies, Austin, TX) will greatly expand the potential for multi-
plex viral detection. An example is the ID-Tag Respiratory
Virus Panel Assay (TM Bioscience, Toronto, Canada). Inves-
tigators are currently seeking FDA clearance for this system as
an in vitro diagnostic device (100a). This internally controlled
assay uses a combination of RT-PCR, target specific primer
extension, and Luminex bead detection for the identification of
19 different viruses (influenza A virus [H1, H3, and HS5]; in-
fluenza B virus; parainfluenza virus types 1, 2, 3, and 4; ade-
novirus; rhinovirus/enterovirus; RSV A; RSV B; hMPV; and
coronavirus [SARS-CoV, NL63, 229E, OC44, and HKU1])
from respiratory samples. This type of information will provide
excellent insight into the prevalence of various viruses and the
clinical significance of mixed viral infections. However, one
must always consider the new or unexpected viruses that would
be missed even using these broader-range applications. All
laboratories, whether using cell culture-based assays or molec-
ular tests, must be ready to implement additional assays as new
viral targets of clinical significance are identified.

One drawback of NAATSs is the expense of this testing
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(Table 1). The investment required for equipment is signifi-
cant, ranging from $5,000 to more than $100,000 for some
instruments. Reagent prices per specimen tested may be as low
as several dollars for in-house-developed assays or as high a
$300 for some FDA-cleared assays (e.g., HIV-1 genotyping). In
addition, often the laboratories are directly responsible for
paying patent royalties on certain in-house-developed assays,
analyte-specific reagents (ASRs), and/or non-FDA-cleared
kits. Reimbursement for molecular tests also varies greatly
depending on the test, the target, the insurance plan, and
individual state payment schedules for Medicare/Medicaid pa-
tients. In general, costs of NAATS far exceed those of cell
culture. However, the benefits of molecular testing may far
supersede additional costs (e.g., alternative diagnostic proce-
dures, increased length of stay, or inappropriate antibiotic
therapy) incurred by the institution if such testing is not avail-
able. In addition, factors such as morbidity, mortality, and
patient and physician satisfaction play a key role in selecting
the best options.

Perhaps the greatest obstacle in incorporating NAATS in the
diagnostic virology laboratory is simply the issue of availability
or accessibility of testing. At this writing, there are few FDA-
cleared NAAT “kits” for viral detection (available for HIV-1,
HCV, and human papillomavirus). Many ASRs are now avail-
able, but the use of these requires extensive verification studies
before the tests can be used clinically. This often requires per-
sonnel with the expertise and dedicated time to work with mo-
lecular assays and molecular testing equipment that may be able
to support only one or a very few related assays. There may be
insufficient test volumes to justify expensive in-house NAAT test-
ing. However, as simpler technologies and more FDA-cleared
tests become available, more laboratories will be afforded the
opportunity to bring testing in-house. Recent developments in
instrumentation have eliminated some of the technological
roadblocks to adaptation of the technology into the diagnostic
virology laboratory. Many different systems from a variety of
manufacturers are available for nucleic acid isolation, amplifi-
cation, and detection, including some systems, such as the
GeneXpert (Cepheid, Sunnyvale, CA), Viper (Becton Dickinson
Diagnostics, Sparks, MD), and Tigris (GenProbe, San Diego,
CA), that can fully integrate the entire process.

Access to cell culture reagents and equipment is greater than
access to NAAT testing supplies and instrumentation for most
laboratories. This is especially true in laboratories that have
used cell cultures in the past and in microbiology laboratories
that use IF methods routinely for other purposes. With the
rapid cell culture formats that use blind IF staining or color
change reactions to identify viruses, the technologist does not
need to be skilled in cell culture maintenance or in examining
cell cultures for CPE. Also, for some viruses, such as HSV
from vesicular lesions, that are easily culturable in tube cell
culture, a sensitive and specific result can be produced with
rapid or conventional tube cell culture within 24 to 48 h in a
routine microbiology laboratory setting by technologists with
moderate skill levels. Although the use of PCR may improve
sensitivity for detection of HSV from lesions by 20% or more,
the added expense and the lack of approved methods, stan-
dardized protocols, and access to instrumentation may make
converting to this technology less of a priority. Although many
may argue that virus isolation in cell culture requires much
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more technical expertise than NAAT techniques, the underes-
timation of the level of expertise required for NAAT perfor-
mance is unfortunate. The need for technical skill remains in
NAAT testing, both in specimen manipulation and in moni-
toring of instrument performance. Blind acceptance of NAAT
instrument printouts without proper oversight and monitoring
is poor practice.

Additional drawbacks of NAATS include (i) the inability of
most NAATSs to distinguish between viable and inactivated
virus (9, 13) or between actual disease and latent infection (92,
93); (ii) the lack of standardization of some of the methods,
causing laboratories to report discordant findings with both false-
negative and false-positive reports; and (iii) the potential for cross
contamination of samples, causing false-positive results.

As development, applications, standardization, and avail-
ability of FDA-cleared kits and products for real-time PCR
and other NAAT-based assays progress, the usefulness of
these assays in viral disease diagnosis will continue to increase
(114). However, at this writing, existing NAAT technologies
alone are not sufficient to meet the needs of all situations in
viral disease diagnosis, and virology laboratories will continue
to rely on virus isolation in cell culture in many situations.
Laboratories have the option to offer combinations of different
test options, including IF and non-IF rapid antigen tests, rapid
cell culture, traditional tube cell culture, and molecular tests.
Near the end of this review, some of the challenges in viral
diagnosis are presented, and recommendations are made for
applications of various viral diagnostic approaches, including
NAATS, in the particular setting.

APPLICATIONS OF VIRAL DIAGNOSTIC TECHNIQUES

Thus far, this review has focused on analytical sensitivities
and specificities of various virus detection methods in compar-
ison to virus isolation in cell culture and on technical variables
such as turnaround time, technical expertise, and cost-effec-
tiveness. It is clear that no single approach is optimal for
detecting all viruses in all clinical situations. Therefore, it is
vital to combine culture and nonculture methods to optimize
viral disease diagnosis, yielding medically useful, cost-effective,
and labor-saving viral testing results. In determining appropri-
ate testing algorithms for the laboratory, one must consider a
broad range of factors, including the patient population (i.e.,
age, immune status, and comorbidities), clinical manifesta-
tions, physician’s diagnosis, and time of year (i.e., many viral
infections tend to be seasonal). However, with global travel
and changing epidemiology of viral diseases, it is incumbent
upon the virology laboratory to be prepared for the unex-
pected. For example, laboratories that cease influenza virus
testing during the summer months are at risk for missing both
imported cases and unexpected local outbreaks. The actual
occurrence of this is illustrated by the North Shore University
Hospital Virology Laboratory in Manhasset, NY, where at
least one influenza A virus was isolated in every month begin-
ning in November 2003 and continuing through August 2005
(C. C. Ginocchio, unpublished data).

Laboratorians must also evaluate the resources required and
available at their facility to use in delivering viral diagnostic ser-
vices. Issues to consider include the level of training and expertise
required for performing assays, availability of sufficient staff, de-
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sired production schedules (i.e., when testing will be offered, ne-
cessity for immediate testing, and expected turnaround times),
test volumes, capacity for full-service virology versus limited ser-
vice (i.e., offer testing for a wide range of viruses by a number of
approaches or focus on only a single virus or a few viruses and
refer other testing to another laboratory), and equipment and
space needs. Although certain viral assays may be known to pro-
duce optimal results, it may not be within the capacity of a given
facility to offer all of these services.

The information that follows gives suggestions for approach-
ing viral diagnostic testing of a variety of specimen types.
Combinations of various viral diagnostic technologies are sug-
gested, with explanations of why these approaches are useful,
how methods can be paired to provide effective diagnoses, and
what role virus isolation in conventional or rapid cell culture
plays in each situation.

Testing for Respiratory Viruses

There are a variety of approaches for respiratory virus test-
ing, and each laboratory must determine which is the most
appropriate for the institution, laboratory, and patient popu-
lation involved. The first line of testing for influenza A virus,
influenza B virus, or RSV in populations in which immuno-
compromised patients do not predominate is often a noncul-
ture, non-IF rapid antigen detection method. During periods
of low virus activity, rapid influenza A and B virus or RSV
membrane EIAs, OIAs, or lateral-flow antigen assays may be
used, but it is recommended that all positive results be con-
firmed by IF, viral culture, or RT-PCR (162). This is to ensure
that the positive results with the rapid tests are true positives,
as the predictive value of a positive result is very low with the
rapid tests during off-season periods (162). Once influenza
virus or RSV has been isolated in a given geographic area,
signaling the start of “the season,” positive results with non-IF
rapid antigen tests need not necessarily be confirmed by virus
isolation. Most of these assays have good specificity which
should allow diagnosis to be made based on a positive result.

If rapid EIA or lateral-flow antigen testing is negative in a
patient strongly suspected of having a respiratory viral infec-
tion, specimens should be tested further by a more sensitive
assay. If a 1- to 2-h turnaround time is needed, DFA screening
for the seven common respiratory viruses (influenza A and B
viruses; RSV; parainfluenza virus types 1, 2, and 3; and ade-
novirus) can be done. In particular, for pediatric, geriatric, and
immunocompromised patients, DFA for hMPV should be con-
sidered for incorporation into routine respiratory screening
panels. However, at this writing, FDA-cleared monoclonal an-
tibodies are not yet commercially available for performing
DFA or rapid culture for h(MPV. MADs for research use only
are available from Chemicon International (anti-MPV 75.1)
and from Diagnostic Hybrids, Inc. Although additional testing
by DFA of samples that are negative by rapid tests may not
seem to be cost-effective, it can be useful when the rapid EIA
or lateral-flow assays are performed initially at point-of-care
sites (i.e., emergency departments or hospitals that refer virol-
ogy samples to another site). In addition, DFA testing may
include a full respiratory panel (seven or eight viruses), which
could provide additional information before culture results
would be available. DFA is also reported to be more sensitive
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than cell culture for RSV detection (42, 51), so RSV DFA
alone may be considered if a full panel of DFA testing is not
desired.

In many settings, the rapid non-IF antigen detection meth-
ods are not used due to their poor performance in certain
patient populations and with certain specimen types (See
“Non-IF Methods” above). In these settings DFA screening
for the seven standard or eight (standard panel in addition to
hMPV) respiratory viruses is likely to be the first testing per-
formed, with further testing of negative samples by either rapid
or traditional cell culture. In a setting where there is no need
for immediate results and a 24- to 48-h turnaround time is
acceptable, there may be no nonculture testing by IF and/or
non-IF antigen detection methods. Isolation of the eight respi-
ratory viruses in a rapid (24- to 48-h) culture system such as
shell vials and R-Mix is an attractive alternative. Also, if turn-
around time is not an issue or if viruses other than the eight
listed are expected or are of interest, a full conventional cul-
ture can be performed. Culture also should be considered for
samples positive by EIA and/or DFA that might contain an-
other virus (4, 8, 158).

Another approach for respiratory virus testing involves
NAATSs. NAATSs may be the only test, a supplemental test, or
an additional test for specimens negative by other test meth-
ods. Presently, no FDA-cleared kits are commercially available
for viral respiratory pathogens; however, single or multiplex
ASRs for this purpose can be purchased from a variety of
manufacturers. NAAT testing for a number of viral pathogens
is available at most reference laboratories. Depending on the
testing format, the costs will vary. In general, NAAT testing
will be more costly than viral culture (Table 1).

Rapid antigen assays that show poor sensitivity and specific-
ity compared to virus isolation in cell cultures should be either
discontinued completely or replaced with assays with proven
better performance. In addition, data (generated preferably
in-house or, alternatively, from the published literature) on the
sensitivity and specificity of the assays used and, when indi-
cated, recommendations for additional testing by more sensi-
tive tests (such as virus isolation in cell culture) should be
included along with the rapid test results.

Samples from certain groups of patients or targeting partic-
ular viruses warrant strategies different from those suggested
above. Suggestions for use of cell culture and other respiratory
virus detection methods in these special cases follow.

Exceptions in Respiratory Virus Testing

Samples from persons with immunosuppression. In persons
with immunosuppression (e.g., patients with HIV disease or
neutropenia due to chemotherapy, bone marrow or solid organ
transplant recipients, or patients with comorbidities or under-
lying chronic pulmonary disease), there is a heightened poten-
tial for coinfection with more than one respiratory pathogen or
with viruses such as CMV, HSV, enteroviruses, and rhinovirus
that are not routinely detected in respiratory IF panels or in
cell culture systems such as R-Mix. Although the frequency of
mixed infections is difficult to estimate, it is suggested that
>10% of respiratory samples from immunocompromised pa-
tients contain more than one virus (158). Identification of all
agents is essential to ensure appropriate antiviral therapy in
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these groups of highly susceptible patients. Therefore, samples
from these groups of patients, independent of rapid antigen
testing results, should be tested in full respiratory cultures
supplemented with tube cultures or shell vials for CMV.
NAAT testing should be considered to increase the sensitivity
of virus detection and to detect viruses normally not detected
by routine culture.

Samples from persons considered clinically as having pos-
sible cases of avian influenza or SARS or exposure to other
emerging pathogens or viral agents of bioterrorism. It is es-
sential that the ordering physician notify the laboratory imme-
diately when avian influenza, SARS, or an unusual agent is
suspected. This information is key in ensuring that these sam-
ples are handled properly. Laboratories should access the ap-
propriate CDC website pages to view current recommenda-
tions. “Severe Acute Respiratory Syndrome (SARS)” (27) and
“Bioterrorism Agents/Diseases” (26) are two helpful sites. In
general, testing for such agents in biosafety level 2 (BSL-2)
facilities such as hospital diagnostic laboratories should be
limited to rapid antigen testing or molecular methods per-
formed in a biological safety cabinet. Samples should not be
inoculated into cell cultures by local laboratories but should be
referred immediately to local public health officials and/or the
CDC. The R-Mix Too line of cocultured cells (Diagnostic
Hybrids, Inc.) was developed specifically to prevent accidental
isolation of the SARS virus (see “VIRUS ISOLATION IN
COCULTURED CELLS” above). The use of this cell line
would be very helpful in the event of accidental inoculation of
a SARS-CoV-positive sample into a cell culture in a BSL-2
laboratory. However, intentional culturing of possible SARS-
CoV samples should not be done at BSL-2 laboratories even if
R-Mix Too is used.

The capacity of detection by rapid antigen assays and con-
ventional and other cell lines to support the growth of avian
influenza virus (H5N1) has not been fully tested because of
restrictions on the availability of the virus. All testing on pos-
sible avian influenza samples should be referred to the appro-
priate agency.

Samples from pediatric patients. If possible, samples from
pediatric patients, particularly those younger than 5 years,
should be tested for hMPV and the pediatric coronaviruses.
NAAT testing may be the best approach due to the limited
choice of susceptible cell lines, the lack of FDA-cleared MAbs,
and the delayed time to detection by culture-based methods.
As more data are generated about the epidemiology of these
pathogens, routine testing recommendations may be expanded
to include patients in other age groups.

Samples from seriously ill pediatric patients. Samples from
seriously ill pediatric patients who are hospitalized after a
positive RSV antigen screen should receive a full viral culture
to rule out coinfection, especially in pediatric hospitals where
isolation rooms are not available and patients’ hospital room
assignments are based on initial virus screening. The detection
of additional viruses, such as hMPV or adenovirus, may affect
the patient’s therapy as well as hospital infection control mea-
sures.

When adenovirus is the viral suspect. When adenovirus is
the viral suspect in any sample, virus isolation in cell cultures
may be necessary. EIA, OIA, and lateral-flow devices are not
available for detecting adenovirus antigen. Both DFA and IFA

CLIN. MICROBIOL. REV.

methods for adenovirus antigen detection are available, and a
positive result with either is excellent evidence of infection.
However, both DFA and IFA have shown poor sensitivity in
adenovirus antigen detection (84, 90). Therefore, samples
strongly suspected of adenovirus infection should be inocu-
lated into susceptible cell cultures such as R-Mix cells, and/or
a full viral culture using traditional tube cultures should be
performed. NAAT testing for adenovirus may be available at
some large laboratories.

Viral Testing of Vesicular Lesions

If possible, DFA testing for HSV-1, HSV-2, and/or VZV
should be performed initially on direct smears made from
vesicular lesions. If the DFA is positive, virus isolation in cell
culture is usually not useful. However, isolation of virus in
culture should be done if antiviral susceptibility testing is re-
quired for patients with recurrent HSV that appears to be
refractory to treatment. Although the DFA for VZV has been
reported to be more sensitive than culture (33, 61), if DFA is
not performed or is negative, cell culture-based methods such
as traditional tube culture, shell vial, H & V shell vial for HSV
and VZV, or ELVIS for HSV-1 and HSV-2 should be used. If
NAAT testing is available, it should be considered because of
its generally superior sensitivity. However, laboratories that
select NAATS for the detection of HSV in lesions must be
extremely careful to avoid cross contamination of samples that
may occur due to the high titers of virus generally present in
these types of samples.

Exceptions in Viral Testing of Vesicular Lesions

Specimens from vesicles suspicious for variola virus. Spec-
imens from vesicles suspicious for variola virus should not be
inoculated into cell cultures in the laboratory and must be
referred immediately to the public health laboratories and
CDC. Variola virus proliferates in several cell lines that are
routinely available, such as Vero, HeLa, and others.

Specimens from vesicles suspicious for monkey pox or other
poxvirus infections. The reagents and expertise needed to
identify monkey pox virus or other poxviruses are not available
at most hospital laboratories. Virology laboratories should de-
velop their own protocols for handling such samples. Testing of
such materials in-house to rule out VZV may present a risk if,
indeed, the suspected poxvirus is present. Samples should be
referred immediately to the public health laboratories or CDC.

Viral Testing of CSF

In clinical virology laboratories the detection of viral CNS
pathogens by culture has demonstrated very poor sensitivity in
comparison to NAATS, which are now accepted in most cases
as the gold standard (59). The enteroviruses, the viruses in the
Herpesviridae family (CMV, HSV-1, HSV-2, VZV, EBV, and
HHV-6), JC virus, and the arboviruses are most frequently
associated with CNS infection. These are discussed below.

Enteroviruses in CSF. Isolation of CSF enterovirus in con-
ventional cell culture is 75% less sensitive than that in NAATS,
and NAATs are currently accepted as the gold standard for
diagnosis of enterovirus infection in CSF (18, 59, 64, 112, 128,
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135, 138, 157). Methods using 5" UTR pan-enteroviral primers
detect a broad spectrum of enteroviruses, including the non-
culturable coxsackievirus strains. These methods do not detect
the parechoviruses, which require different primers and probes
(60, 87). If NAAT testing is available in-house or from a
nearby reference laboratory that can ensure a rapid turn-
around time, NAAT testing alone is sufficient. However, if
NAAT results cannot be obtained rapidly, inoculation of cell
cultures in-house (in addition to referring the sample for
NAAT), especially the rapid cultures and Super E-Mix, which
yield results within 24 to 48 h, may yield a positive result before
the NAAT results are available. Of the CSF pathogens, en-
teroviruses have the highest recovery rate in cell culture, de-
pending on the cell line used. Super E-Mix has shown very
good sensitivity in isolation of many strains of enteroviruses
from various specimen sources (73).

Herpesviruses in CSF. HSV-1, HSV-2, and VZV are seldom
isolated in culture from CSF (59). In the last 10 years, the
North Shore University Hospital Virology Laboratory,
Manhasset, NY, has isolated only six HSVs from cultures of
CSF; all positive samples were from newborns with over-
whelming disseminated HSV-2 disease (C. C. Ginocchio, un-
published data). In contrast, since the advent of herpesvirus
PCR testing in 2000, the same laboratory has detected a Her-
pesviridae family virus (HSV-1, HSV-2, VZV, EBV, HHV-6, or
CMYV) in more than 300 CSF samples (10% of the total tested)
and also has identified several cases with mixed infections
and/or reactivations of latent viruses (HSV, VZV, and/or
CMV) (C. C. Ginocchio, unpublished data). Detection of
HHV-6 in the CSF of children with a febrile seizure is impor-
tant for identifying those with a potential for the recurrence of
seizure episodes due to ongoing HHV-6 infection. Immuno-
compromised patients can manifest severe postprimary infec-
tions, including encephalitis, due to HHV-6 reactivation.
Therefore, NAATS are the standard of care for detection of
the herpesviruses in CSF specimens.

JC virus in CSF. Disease due to JC virus usually occurs in
immunocompromised individuals in the form of progressive
multifocal leukoencephalopathy, which is rare but fatal and
involves oligodendrocytes in the brain. Traditionally, diagnosis
of progressive multifocal leukoencephalopathy has been by
histopathology of brain tissue or by in situ hybridization of
paraffin sections of the brain with a JC virus probe. Although
the virus is reported to grow in primary human fetal glial cells
and in primary urothelial cell cultures, these cell lines are not
routinely maintained in most diagnostic laboratories and cul-
turing is very inefficient, requiring several weeks before the
virus is detectable (144). Cell culture is not recommended for
JC virus isolation. NAAT testing for JC virus is now recom-
mended (101).

Arboviruses in CSF. Due to the transient nature of the
viremic stage of arboviral infections and the often low levels of
virus in the CSF and serum, virus isolation using cell culture
has generally been unsuccessful and not practical for most
clinical laboratories for detection of the arboviruses. Molecular
methods are more sensitive than cell culture, and a positive
result with a NAAT is diagnostic. However, a negative result
does not preclude the possibility of an arboviral infection. For
example, studies have shown that up to 55% of CSF samples
and only approximately 10% of serum samples were positive by
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NAAT in patients with serologically confirmed cases of West
Nile virus infection (81). Therefore, serology remains the gold
standard for diagnosis and/or confirmation of infections caused
by arboviruses.

Viral Testing of Other Types of Samples

Fecal samples for detection of enteric viruses. Detection of
enteroviruses, CMV, and HSV can be performed using tradi-
tional and/or rapid cell culture methods. Rotavirus and adeno-
virus type 40 and 41 antigens can be detected using FDA-cleared
EIA-based assays. Calicivirus, astrovirus, and norovirus detection
is best achieved by NAATS or electron microscopy. Outbreaks
should be referred to the local public health officials.

Peripheral blood samples. Only a few types of virus are
isolated from peripheral blood. The most common blood iso-
late is CMV. Rapid shell vial cultures of fibroblasts or H & V
Mix yield sensitive results within 24 to 48 h or sooner. Al-
though detection in shell vial culture of CMV in blood samples
is less sensitive than CMYV isolation in traditional tube cell
cultures, the lengthy incubation required (up to 30 days) to
produce CPE in tube cell cultures makes shell vial cultures a
more attractive option. However, the tube cell cultures should
be included, especially for samples that have very low levels of
virus or if an isolate is needed for additional studies. Quanti-
tative measurement of CMV in blood is achieved either by
performing a CMV pp65 antigenemia assay on peripheral
blood granulocytes or by NAAT methods. Quantitative CMV
testing of blood samples collected sequentially allows for mon-
itoring the progress of patients with CMV disease.

Additionally, when indicated for transplant patients, quan-
titation of EBV (which is associated with posttransplantation
lymphoproliferatiave disorder), HHV-6, and/or BK virus
(which is associated with problems in renal transplant patients)
should be performed by NAATs. HSV and adenovirus may
also be isolated in cell cultures of blood, but this is rare. Full
viral cultures, which include both rapid shell vial testing and
prolonged (30-day) incubation of traditional tube cell cultures,
are recommended if the viral suspect in a blood sample is a
virus other than CMV. NAATS can be used to detect entero-
viruses and HSV in blood from infants with neonatal sepsis.

Urine samples. Shell vial and traditional tube cultures can
be used for the detection of CMV and adenovirus in urine.
When indicated in renal transplant patients, quantitation of
BK virus should be performed using NAAT:.

General Suggestions for Viral Diagnostic Laboratories

(i) Use cell cultures to monitor the sensitivity and specificity
of NAATSs and of rapid antigen assays each year, and, if pos-
sible, provide clinicians with the performance data. Encourage
further testing by cell culture for specimens with negative rapid
antigen test results obtained during high-prevalence seasons
from patients with clinical signs and symptoms of infection and
for specimens with positive rapid antigen results obtained dur-
ing periods of low viral prevalence. For laboratories that do not
offer virus isolation in cell culture in-house, monitoring may
include sending a certain portion of specimens to a reference
laboratory for culture confirmation, comparison of the rapid
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test result with clinical assessment, and review of peer-re-
viewed journal articles of studies using the assays in question.

(ii) Improve time to virus detection through the use of rapid
cell culture methods such as shell vial cultures. Use traditional
tube cell cultures to evaluate the sensitivity and specificity of
these rapid culture systems.

(iii) Use traditional tube cell cultures for patients with com-
promised immune systems in order to allow for detection of a
wide variety of viruses (rather than testing for only particular
viruses), and use traditional tube cultures or combinations of
rapid shell vial cultures to cover a variety of viral pathogens in
all patients when coinfection is suspected. Use cell culture
systems to differentiate viable from nonviable viral particles
and when a viral isolate is needed for further testing, such as
antiviral susceptibility testing or strain typing.

(iv) Use cell culture to obtain early- and late-in-the-season
influenza virus isolates. Submit these to local health depart-
ments for strain typing. This is important for ensuring appro-
priate vaccine strains for the following year.

(v) Use NAAT rather than cell culturing for viruses that (a)
do not grow in cell culture (e.g., HCV), (b) should not be
isolated in the routine viral diagnostic laboratory (e.g., SARS-
CoV), (c) grow too slowly (e.g., hMPV), (d) have titers that are
too low (e.g., HSV in CSF), or (¢) need to be quantitated (e.g.,
HIV and HCV).

CONCLUSION

This decade has seen numerous innovations in cell culture
formats and technologies. Through the use of shell vials and
microwell plates, applications of cryopreservation, and use of
centrifugation-enhanced culture inoculation and pre-CPE de-
tection, virologists are no longer at the mercy of biological
supply house production and shipping schedules for access to
viable cell cultures, virus isolation is no longer confined to the
detection of viral CPE in traditional cell culture tubes, and the
average time for virus detection in cell culture has been re-
duced from 5 to 10 days to only 24 to 48 h for many viruses.
The technical experience required for virus detection has been
brought to a level that is within reach of most technologists.
The use of cocultured virus-susceptible cell preparations re-
duces the number of individual cell lines needed in the virology
laboratory, while facilitating isolation of the same wide range
of viruses. In addition, transgenic cells that permit infection by
only a single type of virus have been developed. In these cells
viral presence is signaled by production of an easily detectable
enzyme; this approach further simplifies the task of detecting
and identifying the infecting virus.

This review of the technology used at present in viral disease
diagnosis shows that no single approach, whether molecular
detection, antigen identification, or virus isolation, meets the
needs of all diagnostic virology laboratories in all clinical situ-
ations involving all types of viruses. Virologists are challenged
to use the available technology that best fits the particular
situation and yields the most useful results. With the improve-
ments in cell culture technology, this approach remains one
that is within the realm of possibilities for most laboratories.
Virus isolation, in general, continues to provide more sensitive
virus detection than rapid antigen assays and remains less
costly and generally better suited for detecting a wider range of
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viruses than the current commercially available molecular as-
says. Today, virus isolation in cell culture remains a useful
approach for viral disease diagnosis. Tomorrow, as more so-
phisticated, yet simpler-to-use, broad-range molecular plat-
forms become available for clinical diagnostics, virus isolation
in cell culture may once again become mainly a research tool.
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